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SUMMARY 
An important  a r e a  i n  chemical engineer ing  i n  which cons ide rab l e  
improvement might be  achieved i s  t h e  des ign  of  e f f i c i e n t  packing mate- 
r i a l .  The purpose of t h i s  work was t o  f a b r i c a t e  a new tower packing 
of  a s p e c i a l  shape and t o  c r i t i c a l l y  eva lua t e  i t s  u se fu lnes s  f o r  mass 
t r a n s f e r  ope ra t i ons .  To c a r r y  ou t  t h i s  purpose t h e  work was d iv ided  
i n t o  two p a r t s :  t h e  f a b r i c a t i o n  of t h e  packing and i t s  subsequent 
eva lua t ion .  
The shape of t h e  packing chosen f o r  t h i s  work was t h e  moebius r i n g .  
It appeared t h a t  such a c o n f i g u r a t i o n  met most of t he  requirements  of good 
packing; namely, unsymmetrical shape, a b i l i t y  of  inducing tu rbu lence  and 
w e t t i n g  of t he  s u r f a c e  of t h e  packing, and l a r g e  f r e e  volume. 
For s i m p l i c i t y  t h e  dimensions of t h e  rnoebius r i n g  i n  t h i s  work were 
chosen a s  one-half inch h i g h ,  and one-half inch  i n  e f f e c t i v e  diameter .  
To f a b r i c a t e  t h e s e  r i n g s  i t  was determined t h a t  t h e  Ram process  would 
be  t h e  least time-consuming. This  process  i s  t he  .mechanical h y d r a u l i c  
p l a s t i c  p r e s s i n g  of  ceramic shapes by means of  gypsum cement d i e s .  Three 
types of cement d i e s  were r equ i r ed .  These were t h e  Master D i e  Members, 
t h e  Master Die Impressions,  and the  Working D i e  Members. To s t a r t  t h e  
f a b r i c a t i o n  of ceramic moebius r i n g s ,  a p l a s t i c  model of  t h e  moebius 
r i n g  was f a b r i c a t e d .  Using t h e  techniques s i m i l a r  t o  b lock  and ca se  
work i n  s e t t i n g  up c a s t i n g  molds, t h e  Master Die  Members were prepared 
from t h e  p l a s t i c  model. For t he se  d i e s  a number one p l a s t e r  was used 
with  a  p l a s t e r  t o  water r a t i o  of t e n  t o  seven. The Master Die Impressions 
were c a s t  from t h e  Master Die Members us ing  B - l l  Hydrocal, a  hard gypsum 
cement. The cement t o  water r a t i o  i n  t h i s  case  was two t o  one. The f i n a l  
s e t  of d i e s  was then  prepared,  The cement used f o r  t h e  p repa ra t ion  of 
t h e s e  Working Die Members was Ceramical w i t h  a  cement t o  water r a t i o  of 
f i v e  t o  two. The Woxking Die Members were then  used t o  prepare a  quan- 
t i t y  of ceramic moebius r i n g s .  
The r i n g s  were used as a packing i n  a column. While al lowing water 
t o  flow down through the  eolumn over the  r i n g s ,  air  w a s  pumped i n t o  t h e  
bottom of t h e  column and allowed t o  rise up through i t .  For va r ious  
water  and air  r a t e s  t h e  corresponding p re s su re  drops a c r o s s  t h e  packing 
were determined f o r  t h i s  system, Using t h e  same column and ope ra t ing  
a t  similar cond i t i ons ,  measured q u a n t i t i e s  of  ammania gas were i n j e c t e d  
i n t o  t h e  incoming a i r  stream. By ana lyz ing  the  ammonia composition of  
t h e  water e f f l u e n t  a t  t h e  v a r i o u s  ope ra t ing  cond i t i ons ,  and applying 
the  abso rp t ion  equat ions ,  t h e  number o f  t r a n s f e r  u n i t s ,  t h e  he igh t s  
of o v e r a l l  t r a n s f e r  u n i t s ,  and the absorp t ion  c o e f f i c i e n t s  were eva lua ted  
f o r  t h i s  system. These r e s u l t s  were then  compared wi th  va lues  r epo r t ed  
i n  t h e  l i t e r a t u r e  f o r  such packing a s  Raschig r i n g s ,  Be r l  s add le s ,  and 
Lntalox sadd le s .  
The r e s u l t s  of  t h i s  work showed t h a t  a tower packed wi th  one-half 
inch  ceramic moebius r i n g s  contained 9,000 r i n g s  per  cubic  f o o t .  The 
r i n g s  presented  a su r f ace  a r e a  of 104 square f e e t  pe r  cubic  foo t  and a 
vo id  space of 63 pe r  cen t .  For t h i s  tower t h e  f looding  r eg ion  occurred 
a t  a p re s su re  drop from 4.6  t o  4,8 inches  of  water p e r  f o o t  of  packing. 
Over t h i s  range t h e  water flow var i ed  from 10,945 t o  4,900 pounds per  
hour per square foot  and the  a i r  flow var i ed  from 380 t o  640 pounds per  
hour per  square foot .  The pressure  drop a t  flooding was about 34 per 
cent  higher than across  a tower packed with 112-in. ceramic Raschig 
s ings .  Below the  f looding region the  pressure drop across the  moebius 
r i n g s  was propor t ional  t o  the  1.9 power of the  gas flow. The propor- 
t i o n a l i t y  decreased t o  the  1.6 power of the  gas flow a s  the  constant  
water flow parameter increased from 1,225 t o  10,945 pounds per  hour 
per square foo t .  
When operat ing a t  water r a t e s  from 3,600 t o  5,350 pounds per  
hour per  square f o o t ,  and a t  a i r  r a t e s  from 200 t o  500 pounds per  hour 
per  square f o o t ,  the  pressure  drop across  the  moebius r i n g s  was 25 per  
cent  more t o  45 per cent  l e s s ,  12 t o  17 per  cent  more, and 11 t o  14 per  
cent more than the  pressure drop across  a tower packed with 112-in. 
ceramic Raschig r i n g s ,  Berl saddles ,  and In ta lox  saddles ,  respect ive ly .  
A column packed with 314-in. o r  1-in. Raschig r i n g s ,  Berl  saddles,  
o r  In ta lox  saddles ,  showed pressure drops of 10 t o  20 times lower than 
fo r  a column packed with 112-in. moebius r ings .  
When used a s  a packing i n  t h e  absorpt ion  of ammonia from a i r  with 
water,  t he  height  of the  o v e r a l l  t r a n s f e r  u n i t ,  QG, f o r  the  moebius 
r i n g s  decreased with increased water r a t e s ,  and increased slowly with 
increased gas flow up t o  t h e  f looding region. Above f looding,  HOG 
r ap id ly  decreased. Below t h e  f looding region and a t  Low water r a t e s ,  
Raschig r i n g s  and In ta lox  saddles  ranging i n  size from 3/8-in. t o  1- in .  
gave HOG values  which were only s l i g h t l y  higher than the  HOG'S of the  
x i i  
moebius r ings .  A t  higher water flows the  HOG1" of the  standard pack- 
i n g ~  were a s  much as 85 per cent  higher than the  HOG'" of moebius 
r ings .  
A t  constant  water flows the  KGa8s f o r  moebius r ings  ware propor- 
t i o n a l  t o  a power of t h e  a i r  flow. This  power increased from 0.43 t o  
0.79 a s  the  water flow parameter increased from 1,558 t o  6,232 pounds 
per  hour per square foo t .  The ~ G a ' s  of t h e  standaxd 1/2-in. packing 
and the  moebius r i n g  were equal wi th in  a 10 per  cent  v a r i a t i o n  fo r  the  
low water flow. For a water flow of 4,500 pounds per hour per square 
foot  the  KGats o f  t he  standard 1 /2- in .  packing were 20 t o  40 per  cent  
lower than the  KGats of the  moebius r ings .  
Although the  absorption c o e f f i c i e n t s  fo r  moebius r ings  were equal 
t o  o r  b e t t e r  than the  reported k a ' s  of the  inves t iga ted  standard pack- 
ings ,  the  pressure drops ac ross  the  moebius r i n g s  were considerably 
higher than an t i c ipa ted .  The l /2- in .  moebius r i n g  apparently allowed 
a l a rge  l i q u i d  hold-up which hindered gas flow through the  column. A 
moebius r i n g  with a r a t i o  of diameter t o  height  of more than one could 




The e f f i c i e n c y  of many of t h e  u n i t  opera t ions  of  chemical en- 
g ineer ing  depends i n  p a r t  upon t h e  su r f ace  con tac t  between t h e  phases.  
There a r e  numerous methods of e f f e c t i n g  such con tac t .  For s i m p l i c i t y ,  
l e t  us  cons ider  only one of t h e  u n i t  opera t ions  a s  p r a c t i c e d  i n  indus t ry .  
Gas absorp t ion  is one of t h e  major u n i t  ope ra t ions  based on i n t e r -  
phase mass t r a n s f e r .  Th i s  u n i t  ope ra t ion  involves  t h e  removal of one o r  
more s e l e c t e d  components from a mixture of gases  by d i s s o l u t i o n  i n  a 
l i q u i d .  Thus, t h e  recovery of ammonia may be e f f e c t e d  from an  ammonia- 
a i r  mixture,  by t h e  a b s ~ r p t i s n  of ammonia i n  water .  S imi l a r ly ,  an 
ace tone -a i r  mixture can be passed through water wi th  t h e  r e s u l t  t h a t  t h e  
acetone d i s s o l v e s  while  t h e  air passes  out .  A very  important f a c t o r  i n  
abso rp t ion  is  t h e  amount of  con tac t  su r f ace  a v a i l a b l e  for in t e rphase  
mass t r a n s f e r .  I n  i ndus t ry ,  t o  o b t a i n  Barge s u r f a c e  c o n t a c t ,  gas  ab- 
s o r p t i o n  i s  c a r r i e d  out i n  bne of th ree  types  of towers o r  columns. 
These a r e  t h e  p l a t e ,  spray ,  and packed towers (1). 
I n  bubble-cap towers ,  t h e  l i q u i d  and gas a r e  contac ted  on t r a y s  o r  
p l a t e s .  The vapor o r  gas  r i s e s  through openings i n  t h e  t r a y s  i n t o  bubble 
caps. Each bubble cap con ta ins  many openings through which t h e  g ~ s  may 
bubble i n t o  the  l i q u i d .  The l i q u i d ,  i n  tu rn ,  flows downward from t r a y  
t o  t r a y  through downspouts, c r o s s i n g  f i r s t  one p l a t e '  and then  the next  
one below. Much of t he  in t e rphase  t r a n s f e r  occurs  a s  t h e  gas. bubbles 
a r e  formed a s  t hey  r i s e  through t h e  a g i t a t e d  l i q u i d .  A small amount 
of t r a n s f e r  may a l s o  t a k e  p l ace  above t h e  l i q u i d  su r f ace .  The p r a c t i c a l  
advantage of t h i s  type  of  equipment i.s t h a t  t h e  gas s t ream may be un i -  
formly d i spe r sed  through a l l  t h e  l i q u i d  ( 2 ) .  Towers made up wi th  p l a t e s  
of s i e v e  t r a y s  ope ra t e  on t h e  same p r i n c i p l e .  Channelling i s  avoided 
s i n c e  s tagnant  zones a r e  e a s i l y  e l imina ted  ( 2 ) -  
I n  ope ra t ion ,  t h e  i n t e r f a c i a l  s u r f a c e  between phases is made a s  
l a r g e  as i s  p r a c t i c a l l y  poss ib l e .  Th i s  i s  done by cons ider ing  t h e  i n d i -  
v i d u a l  e f f e c t s .  Thus, l a r g e  depths of l i q u i d  on t h e  t r a y s  lead  t o  long 
con tac t  time and high e f f i c i e n c y ,  and a l s o  t o  h igh  p re s su re  drops per  
t r a y .  High gas v e l o c i t i e s  provide not  on ly  e f f i c i e n t  d i spe r s ion  and 
h igh  vapor - l i qu id  con tac t ,  but  a l s o  excess ive  entrainment  and h igh  p re s -  
s u r e  drop. The s u r f a c e  con tac t  a v a i l a b l e  f o r  mass t r a n s f e r  i n  p l a t e  
towers i s ,  t h e r e f o r e ,  l i m i t e d  by t h e  des ign  of t h e  tower and t h e  condi- 
t i o n s  of ope ra t ion  (3). 
A second method of enhancing su r f ace  con tac t  of gas  and l i q u i d  i s  
by means of sprays.  When l i q u i d  i s  sprayed through a  nozz le ,  it  may be 
d i spe r sed  i n t o  a f i n e  spray  of drops. I f  t h i s  is  c a r r i e d  out  i n  a  l a rge  
empty tower i n t o  which gas  is  a l s o  in t roduced ,  one ob ta ins  a  sp ray  
tower. During ope ra t ion ,  t h e  d i f f u s i o n a l  t r a n s f e r  t a k e s  p l ace  a c r o s s  
t h e  i n t e r f a c i a l  su r f ace  provided by t h e  g r e a t  number of small drops. 
The mechanics of such t r a n s f e r  i n  smal l  drops i s  t h a t  of molecular d i f -  
fus ion .  The l a r g e r  drops a r e  mixed i n t e r n a l l y  due t o  f r i c t i o n a l  drag 
a c t i n g  on t h e  drop su r f ace .  Some disadvantages of spray  towers a r e  t h e  
h igh  pumping cos t  f o r  t h e  l i q u i d ;  t he  s p r a y ' s  tendency f o r  entrainment  
of l i q u i d  by t h e  l eav ing  gas ;  t h e  r a p i d  mixing of t h e  gas;  and t h e  con- 
densa t ion  of  t h e  spray  on t h e  wa l l s  of t h e  tower ( 2 ) .  
The t h i r d  and perhaps t h e  most widely used method of providing a 
l a r g e  i n t e r f a c i a l  a r e a  f o r  mass t r a n s f e r  i s  t h e  packed column. The 
tower c o n s i s t s  of a v e r t i c a l  column f i l l e d  wi th  m a t e r i a l  of l a r g e  s u r -  
f a c e  area per  u n i t  volume. Th i s  m a t e r i a l  is t h e  packing. For most 
ope ra t ions ,  the  l i q u i d  i s  in t roduced  a t  t h e  top  of t h e  tower and flows 
by g r a v i t y  down through t h e  packing t o  t h e  bottom. It flows i n  t h i n  
f i lms  and i n  s o  doing exposes a l a rge  su r f ace  area (4,  5 ) .  The gas 
may be in t roduced  i n t o  t h e  tower t o  flow concurren t ly  o r  countercur-  
r e n t l y .  One disadvantage of t he  packed tower i s  t h e  problem of  main- 
t a i n i n g  uni formi ty  of l i q u i d  and gas flow (6),  Care must be exe rc i sed  
t o  e l i m i n a t e  "channelling" of t h e  l i q u i d  through the  packing. In any 
case ,  t h e  gas  makes con tac t  wi th  t h e  continususPy changing su r f ace  of 
t h e  l i q u i d  and mass t r a n s f e r  may occur .  
There a r e  numerous types  of  packing t h a t  may be used. These 
range from simple crushed s tone  t o  complicated shapes f a b r i c a t e d  
commercially ( 7 ) .  I n  gene ra l ,  t h e r e  a r e  s e v e r a l  c h a r a c t e r i s t i c s  t h a t  
a r e  d e s i r a b l e  i n  an  i d e a l  packing. I n  reaching  a dec i s ion  a s  t o  t h e  
type of packing t o  use  i n  a tower,  t h e  fol lowing i tems  might be con- 
s ide red  (8, 9 ) :  
1. E f f e c t i v e  su r f ace  a r e a  pe r  cubic  foo t  of  packed tower space.  
2. Free o r  vo id  volume per  cubic  f o o t  of packed space. Th i s  
is  t h e  space unoccupied by t h e  substance of packing m a t e r i a l  per  cubic  
f o o t  of packed space,  
3 .  Free a r e a  pe r  square  foo t  of c r o s s - s e c t i o n a l  tower a r ea .  
This  i s  t h e  a r e a  unoccupied by the  substance of packing m a t e r i a l .  It 
is  t h e  a r e a  a v a i l a b l e  f o r  t h e  passage of gas  a t  t h e  junc t ion  of ad j a -  
cen t  t i e r s  of packing. 
4. Res is tance  t o  gas flow. This  is  expressed as the  p re s su re  
drop r equ i r ed  t o  produce a given v e l o c i t y  through the  packing. 
5. Tendency t o  accumulate p a r t i c l e s  of solids brought i n t o  t h e  
tower by t h e  gases  o r  l i q u i d s ,  
6 .  Weight of t he  packing per  cubic  f o o t .  
7 .  Durat ion of con tac t  between gas  and l i q u i d .  
8. S t a b i l i t y  of p o s i t i o n  a s  packed, o r  the  degree of  s i d e - t h r u s t  
a g a i n s t  tower wa l l s .  
9.  D u r a b i l i t y  i n  t h e  presence of t he  f l u i d s  handled. 
10. Tendency toward seg rega t ion  of flowing gas  i n  open spaces 
and of l i q u i d  on su r f ace  area t o  cause ehannelli ,ng, Channelling h inde r s  
t h e  d i r e c t  con tac t  s f  gases  and l i q u i d s .  
11. Cost per  square  foo t  of e f f e c t i v e  s u r f a c e  a r e a  and per  cubic  
foo t  of packed tower space a s  atacked.  
There a r e ,  of course ,  o t h e r  methods of producing su r f ace  con tac t ,  
These a r e ,  however, e i t h e r  not  t o o  important conamercially, o r  e l s e  
modi f ica t ions  of t hose  descr ibed  above. For example, a s i e v e  t r a y  may 
be considered t o  b e  s i m i l a r  t o  a bubble-cap t r a y .  A wetted wa l l  column 
i s  a c t u a l l y  a s p e c i a l  case of a packed tower. 
Statement of Problem 
The a r e a  i n  which cons iderable  improvement might b e  achieved 
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and which i s  q u i t e  important t o  the  chemical engineering industry i s  the  
design of e f f i c i e n t  paekgng mater ia l .  The purpose of the  present  work 
was t o  f a b r i c a t e  and evaluate  a s p e c i a l l y  shaped packing which might be 
an  improvement over present ly  a v a i l a b l e  ma te r i a l s ,  Of cons idera t ion  
would be the  above-listed items f o r  packing design, The major por t ion  of 
t h i s  work would of necess i ty  be the  a c t u a l  f a b r i c a t i o n  of the  paeking 
mater ia l .  S u f f i c i e n t  packfng would be requfred t o  determine the  char- 
acteristics of t h i s  packing i n  a c t u a l  operat ion,  A comparison of these  
c h a r a c t e r i s t i c s  would be made wi th  those of c e r t a i n  e x i s t i n g  well  known 
packfngs. Fur ther ,  the  method of f a b r i c a t i o n  would have t o  be one t h a t  
could lend i t s e l f  t o  commercial manufacturing methods, 
The shape t h a t  was chosen f o r  t h i s  work was q u i t e  simple, It was 
the  moebius r i n g  ( lo ) ,  Such a r i n g  may be  formed by takfng a t h i n  ree- 
tangular  shee t ,  tw i s t ing  it one-half turn,  then joining the ends, 
Thus, a one-sided su r face  i s  obtained, A moebfus r i n g  appears t o  meet 
many of the requirements of good packing. It is  not sgnmnetrieal, There- 
f o r e ,  i t  would not tend t o  s t ack  i n  a s e r i e s  b u t  would m f n t a i n  random- 
ness n a t u r a l l y ,  The t w i s t  might produce more turbulence and more wet t ing  
of the  su r face  of t h e  packing, and the re fo re  y ie ld  more e f f i c i e n t  mass 
t r ans fe r .  Another important f a c t o r  of packfngs is t h a t  of  vofd space, 
It  appeared t h a t  t h i s  type of r i n g  would be  "open" and, the re fo re ,  have 
a l a rge  void volume. A l a r g e  void space i n d i c a t e s  the  p o s s i b i l i t y  of 
low r e s i s t a n c e  t o  flow and i s  consequently a des i rab le  i t e m ,  A l l  of 
these f a c t o r s  would have t o  be e i t h e r  proved or disproved, It a l s o  
remained t o  b e  es t ab l i shed  that a moebius r i n g  could be  simply and 
cheaply fab r i ca ted ,  
Literature 
While many different types of packings have been investigated, 
only those that have found use in industry will be described here. 
Raschig Rings 
These rings are perhaps the most widely used in industry. The 
ring is defined by the specification that the height shall equal its 
outside diameter. The wall thickness must be as thin as possible to 
give a high fraction of free space and low apparent density. Raschig 
rings may be made of porcelain, ceramic, glass, carbon, metal or other 
materials. A simple method of fabricatf.on of these rings is by extru- 
sion. Table 1 lists some characteristics of ceramic raschig rings (11). 
Table 1. Ceramic Raschig Rings 
Approximate 
Approximate Surface Area 
Nominal Number per Square Foot/ Per Cent 
Size Cubic Foot Cubic Foot Free Space 
Berl Saddles 
The Berl saddle is a saddle-shaped unit that may be formed by punch 
d i e s .  Th i s  packing may form a n  i n t e r l o c k i n g  s t r u c t u r e  which reduces chan- 
n e l l i n g  and inc reases  t h e  a r e a  of packing t h a t  may be wetted during opera- 
t i o n .  Because it i s  an open packing, i t  i s  t h e o r e t i c a l l y  poss ib l e  t o  wet 
i t s  e n t i r e  su r f ace .  Table 2 shows some c h a r a c t e r i s t i c s  of Be r l  s add le s  
Table 2. Ceramic Ber l  Saddle Packing 
Approximate 
Approximat e  Surface Area 
Nominal Number p e r  Square Foot/  Per Cent 
S i ze  Cubic Foot Cubic Foot Free Space 
I n t a l o x  Saddles 
I n t a l o x  saddles  a r e  very  s i m i l a r  t o  Ber l  saddles ,  A d i f f e r e n c e  
is t h a t  the  ends a r e  made s h o r t e r  t o  e l imina te  t h e  s t ack ing  e f f e c t  ob- 
t a i n e d  from t h e  Ber l  saddle ,  Th i s  means t h a t  t h e  I n t a l o x  saddle  w i l l  
pack i n  a  random manner without  an  excess  of p a t t e r n  packing. General ly ,  
I n t a l o x  sadd le s  have been found t o  g ive  b e t t e r  r e s u l t s  i n  packed towers 
t han  e i t h e r  t h e  Raschig r ings o r  Ber l  waddles, Some phys ica l  charac-  
t e r i s t i c s  of I n t a l o x  saddles  a r e  shown i n  Table 3  (13). 
Table 3. Ceramic I n t a l o x  Saddles  
Approximate 
Approximate Surface Area 
Nomina 1 Number per  Square Foot/  Per Cent 
S i z e  Cubic Foot Cubic Foot Free Space 
P a l l  Rings (14) 
The P a l l  r i n g  is simply a modified Raschig r i n g  i n  t h a t  i ts  he ight  
i s  equal  t o  t h e  diameter.  During t h e  f a b r i c a t i o n  ope ra t ion ,  t h e  cy l inde r  
wa l l  i s  punched t o  produce p r o j e c t i o n s  bent inward. The r i n g  t h u s  has 
more vo id  space wi th  t h e  r e s u l t  t h a t  l i q u i d  channel l ing  and p re s su re  
drop a r e  decreased. There i s  a l s o  an  inc rease  i n  t h e  wet t ing  of  t h e  
r i n g  su r f ace .  
The Rose t te  (15) 
The design of t h i s  packingwasbased on t h e  theory  t h a t  increased  
i n t e r s t i t i a l  hold-up would r e s u l t  i n  higher  e f f i c i e n c y  of mass t r a n s f e r .  
The shape of t h e  packing is descr ibed  a s  a  h e l i c a l  t o r u s  o r  a m u l t i p l e  
h e l i x  i n  t h e  form of a doughnut. 
R e ~ o r t e d  Data 
There have been numerous papers  r e p o r t i n g  t h e  eva lua t ion  of 
var ious  c h a r a c t e r i s t i c s  of packings. White (16) r e p o r t s  the  pressure 
drops a t  var ious  a i r  and water counter current  flows i n  columns packed 
with 3 /8- in , ,  1 /2- in . ,  5/8-in. ,  3/4-in. ,  1- in. ,  and 1-1/4-in. stoneware 
Raschig r ings ,  He shows t h a t  f o r  water flows of 2,040, 1,490, 750 and 
0 pounds per hour per  square f o o t ,  318-in, Raschig r ings  dumped i n  a 
3-in. diameter column w i l l  develop a pressure drop of 1.0 in .  of water 
per  foot  of packing a t  a i r  flows of 319, 368, 427 and 680 pounds per 
hour per  square foo t ,  respect ive ly ,  Flooding occurs a t  a pressure drop 
of about 3.5 i n .  of water per  foot  of packing height ,  
For 1/2-in.  Raschig r i n g s  i n  a 3-in. diameter tower, f looding 
occurs a t  about 3.0 in.  of water per  foot  of packing height .  A pressure 
drop of 1.0 in .  of water per  foot  of packing is  obtained a t  water r a t e s  
of 5,425, 2,040 and 750 pounds per hour per  square foot .  These l i q u i d  
flows a r e  f o r  a i r  flows of 430, 620 and 680 pounds per  hour per  square 
foo t ,  respect ive ly .  The data of White genera l ly  show t h a t  with increas-  
ing packing s i z e ,  (a)  t h e  pressure drop a t  which flooding occurs slowly 
decreases,  and (b) f o r  a given pressure drop and l i q u i d  flow, the  gas 
flow slowly increases .  It i s  f u r t h e r  shown t h a t  the  e f f e c t  of using a 
6-in. ins t ead  of a 3-in,  diameter tower f o r  a 1/2-in. packing is  t o  (a)  
increase  the  f looding pressure  drop, and (b) decrease t h e  gas flow cor-  
responding t o  a p a r t i c u l a r  pressure drop and water flow. 
Furnas and Bel l inger  (17)  measured the  pressure  drops of 1- in .  
stoneware Berl  saddles and 1-in. Raschig r ings .  The data  were obtained 
from a wa te r -a i r  system i n  a 12-in. diameter tower. No flooding comdi- 
t i o n s  were reported.  For comparable water flows, a t  equal pressure  drops, 
t h e  B e r l  saddles  allowed about 75 per  cent  more a i r  flow. 
Schoenborn and Dougherty (18) determined t h e  pressure  drops f o r  
va r ious  water and gas  flows over 112-in.  Ber l  saddles .  Thei r  r e s u l t s  
l e d  t o  t h e  general conclusion made by Furnas and Be l l i nge r .  Namely, t h a t  
a t  equal  pressure  drops,  t h e  gas flows f o r  s p e c i f i c  water flows were about 
75 pe r  cent  h igher  f o r  Be r l  saddles  than  f o r  s i m i l a r  s i z e  Raschig r i n g s .  
Data of Ecker t ,  Foote,  and Hunt,ington, i n  t he  U. S .  Stoneware publ ica-  
t i o n ,  Packed Towers (19) ,  show t h e  p re s su re  drops f o r  112-in. ,  314- 
i n . ,  and 1 - in .  Raschig r i n g s ,  Be r l  and In t a lox  sadd le s .  When compared 
wi th  t h e  Raschig r i n g  and t h e  Ber l  saddle ,  t h e  I n t a l o x  saddle exh ib i t ed  
c e r t a i n  advantages.  These were: (1) 30 t o  40 per  cent  lower p re s su re  
drop; (2) more f r e e  space;  (3) increased  f looding  r a t e s ;  (4)  20 t o  
30 per  cent  h igher  e f f i c i e n c y ;  and (5) g r e a t e r  su r f ace  a r e a  per  cubic  
foo t  of packing. 
Other d a t a  of Eckert ,  Foote and Huntington i n  t h e  p u b l i c a t i o n  (19) ,  
compare t h e  p re s su re  drops a c r o s s  Raschig r i n g s  and P a l l  r i n g s .  It was 
found t h a t  P a l l  r i n g s  o f f e r e d  about 25 per  cent  of t he  r e s i s t a n c e  t o  
flow than  d id  Raschig r i n g s .  A .  J. T e l l e r  (15) descr ibed  t h e  design 
and eva lua t ion  of t h e  Rose t te  r i n g .  When compared wi th  1-1 /2- in .  Raschig 
r i n g s  and Ber l  s add le s ,  T e l l e r ' s  d a t a  showed t h a t  t h e  r e s i s t a n c e  of t h e  
3 / 4 - i n ,  by 2 - in .  polyethylene Rose t te  t o  gas  flow is  between t h e  two. 
That is ,  f o r  equal  gas  and water flows, t h e  Raschig r i n g s  showed 50 per  
cent  h igher  p re s su re  drops,  and t h e  Bar1 saddles  showed 20 per  cent  
lower p re s su re  drops than  t h e  Rose t tes .  
The s tudy  by F e l l i n g e r  (20) t o  compare t h e  absorp t ion  c o e f f i c i e n t s  
of numerous packings i n  an  air-water-ammonia system is perhaps t h e  most 
ex t ens ive  and r e l i a b l e  publ ished.  F e l l i n g e r  measured t h e  KGals of 
d i f f e r e n t  packings i n  t h e  water  flow range of 500 t o  4,500 pounds per  
hour per  square f o o t ,  and i n  t he  gas flow range of 200 t o  1,000 pounds 
per  hour per  square  foot .  He used an  18-in.  column, and at tempted t o  
c o r r e c t  f o r  end e f f e c t s .  The KGals  f o r  318-in. Raschig r i n g s  v a r i e d  from 
8 .3  t o  30 pound-moles per  hour-atmosphere-cubic-foot f o r  gas  flows of 200 
t o  700 pounds per  hour per  square f o o t  a t  a cons tan t  water flow of 1,500 
pounds per  hour per  square foo t .  A t  a water flow of 4,500 pounds per  
hour pe r  square f o o t ,  t h e  KGals  v a r i e d  from 9 . 8  t o  33 pound-moles per  
hour-atmosphere-cubic-foot f o r  gas flows of 200 t o  400 pounds per  hour 
per  square f o o t .  Genera l ly ,  t h e  c o e f f i c i e n t s  were found t o  i nc rease  wi th  
inc reas ing  packing s i z e  and water flows. However, t he  i nc rease  was not  
profound. For example, t he  KGafs  of 1- in .  Ber l  s add le s  measured a t  a 
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cons tan t  water  flow of 4,500 pounds per  hour per  square foo t  were found 
t o  be 15 t o  47 pound-moles per  hour-atmosphere-cubic-foot i n  the  gas flow 
range of 200 t o  1,000 pounds per  hour per  square foo t .  It should a l s o  
be noted t h a t  t h e  KGals  f o r  Ber l  saddles  were about 10 per  cent  h igher  
than  t h e  K G a l s  found f o r  similar s i z e  Raschig r i n g s .  Below i n c i p i e n t  
f looding  t h e  KGals  were approximately p ropor t iona l  t o  t h e  0 .8  power of 
t h e  gas  flow. Above t h e  f looding  r a t e ,  however, t h i s  r e l a t i o n s h i p  d id  
not  ho ld  and t h e  KGals  increased  ve ry  r a p i d l y  i n  t h e  c a s e  of Raschig 
r ings .  
F e l l i n g e r ' s  da t a  has been reproduced many t imes,  bu t  i s  u s u a l l y  
presented  i n  t h e  form of HoG, t h e  he ight  of t h e  o v e r a l l  t r a n s f e r  u n i t  
based on t h e  gas phase. Data reproduced i n  Tower Packings and Packed 
Tower Design by Max Leva (21) show t h a t  below t h e  f looding reg ion  f o r  
packings up t o  1 - in . ,  t h e  H O G 1 s  a r e  i n  t h e  range of 0.5 t o  1.2 f e e t  f o r  
the  water and gas flows mentioned above. Above t h e  f looding  p o i n t ,  t h e  
HOG1s  f o r  Raschig r i n g s  drop very  sharp ly .  
Theory 
For s p e c i f i c  gas and l i q u i d  f lows,  t h e  optimum ope ra t ion  of packed 
towers is  r e a l i z e d  when t h e  l i q u i d  flows over a l l  t h e  packing a t  a s  un i -  
form a r a t e  a s  poss ib l e .  Below t h e  "loading" v e l o c i t y  t h e  l i q u i d  is  
cons idered  t o  be flowing f r e e l y  over t h e  packing; t h e r e f o r e  uniform 
l i q u i d  r a t e s  may p r e v a i l .  The loading  v e l o c i t y  i s  i nd ica t ed  by a  v a r i a -  
t i o n  i n  t he  r e l a t i o n  between the  p re s su re  drop i n  t he  packing and the  
gas v e l o c i t y .  Below t h i s  v e l o c i t y ,  t h e  p re s su re  drop v a r i e s  approxi-  
mately a s  t h e  1.8 power of t h e  gas v e l o c i t y .  The po in t  a t  which t h e  
power r e l a t i o n  i n c r e a s e s  from 1.8 t o  a  power above 2 ,  is  t h e  " loading 
ve loc i ty"  as def ined  by White (16) .  Above t h i s  v e l o c i t y ,  t h e  l i q u i d  
does no t  flow f r e e l y  from t h e  packing. The change i n  t h e  pressure-drop 
v a r i a t i o n  i s  consequent ly accompanied by an inc rease  i n  t h e  l i q u i d  
r e t e n t i o n  o r  "hold-up" of t h e  packing. The l i q u i d  r e t a i n e d  f i l l s  up many 
of t h e  i n t e r s t i c e s  of t h e  packi.ng and thus  decreases  t h e  su r f ace  of con- 
t a c t  between t h e  phases.  
A s  t h e  l i q u i d  flow r a t e  i n  the . tower  i s  s t i l l  f u r t h e r  i nc reased ,  
a poin t  i s  reached where t h i s  l a r g e  q u a n t i t y  of l i q u i d  can no longer  flow 
out  of  t h e  tower. A t  t h i s  p o i n t ,  t h e  p re s su re  drop i n  t h e  column tends  
t o  i n c r e a s e  wi th  gas  r a t e  even more r a p i d l y  as it approaches t h e  hydro- 
s t a t i c  head of t h e  l i q u i d  f i l l i n g  t h e  column. Simultaneously,  e n t r a i n e d  
l i q u i d  appears  i n  t h e  overhead gas s t ream,  because t h e  l i q u i d  can no 
longer  run  ou t  t h e  bottom of t h e  column a s  f a s t  a s  it is  f e d  i n .  It 
must, t h e r e f o r e ,  overflow a t  t h e  top .  The r a t e  producing t h i s  cond i t i on  
i s  c a l l e d  t h e  " f looding  ve loc i ty . ' '  Above t h i s  r a t e ,  a  tower cannot be 
e f f e c t i v e l y  operated,  
It i s  apparent  t h a t  i n  t h e  design of packed towers,  loading and 
f looding  p l ay  an  important r o l e .  A knowledge of t h e  pressure  drop 
c h a r a c t e r f s t i c s  of packing i s  necessary  when cons ider ing  the  power r e -  
quirements and the  l i m i t i n g  cond i t i ons  f o r  optimum mass t r a n s f e r .  F igure  
1 (22) shows t h e  genera l  method f o r  p re sen t ing  p re s su re  drop da t a  f o r  
packing. The logar i thm of t he  r a t i o  of p re s su re  drop i n  inches of water 
per  foot  of packing he ight  i s  p l o t t e d  aga ins t  t he  logar i thm of t h e  gas 
r a t e .  The d a t a  a r e  g e n e r a l l y  obta ined  at s e v e r a l  l i q u i d  r a t e s .  Both 
the  gas and l i q u i d  r a t e s  a r e  expressed i n  pounds per  hour per  square 
foo t  s f  c ros s - sec t ion .  
Although t h e  p re s su re  drop cha rac t e r i . s t i c s  of packing a r e  important 
i n  tower des ign ,  t he  e f f e c t i v e n e s s  of t he  packing i n  m a s s  t r a n s f e r  i s  
a l s o  extremely important.  
Regardless  of t h e  type of  equipment t h a t  m y  be used for gas ab- 
s o r p t i o n ,  t h e  prime requirement f o r  mass t r a n s f e r  i s  t h a t  t h e  gas  and 
l i q u i d  be brought i n t o  d i r e c t  contac t .  Absorption w i l l  t hen  t ake  p lace  
only  i f  t h e  s o l u b l e  substance of  t h e  gas mixture is  t r a n s f e r r e d  from 
the  gas phase t o  t h e  Liquid phase, Th i s  occurs  when the  s o l u t e  d i f f u s e s  
through t h e  gas phase t o  t he  gas - l i qu id  i n t e r f a c e  and then  i n t o  and 
through t h e  l i q u i d  phase. The d i f f u s i o n  process  is maintained by con- 
c e n t r a t i o n  g r a d i e n t s  i n  t h e  d i r e c t i o n  of d i f f u s i o n  wi th in  each phase. 
Thus, i n  t h e  gas phase, t he  d i f fus iona l .  r e s i s t a n c e  t h a t  must be over- 
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Figure 1 .  Prerrure Drop i n  Irrigated Beds of Packing 
laminar f i l m  a t  t h e  i n t e r f a c e  between the  two phases.  A s i m i l a r  s i t u a -  
t i o n  e x i s t s  w i th in  the  l i q u i d  phase. Th i s  theory  was introduced by 
Whitman i n  1923 (23).  
F igure  2 i s  a diagrammatic r e p r e s e n t a t i o n  of t h e  cond i t i ons  e x i s t -  
ing  i n  t h e  t h i n  f i lms  of gas and l i q u i d  ad jacent  t o  t h e  i n t e r f a c e .  The 
diagram i n d i c a t e s  t he  p a r t i a l  p re s su re  of the  s o l u b l e  gas  i n  t h e  gas  
phase. It a l s o  shows t h e  concen t r a t ion  of t h e  d isso lved  gas i n  t h e  
l i q u i d  phase. The d r i v i n g  fo rce  a c r o s s  t h e  gas  f i l m  i s  given by (P  -Pi) g  
and t h a t  a c r o s s  t h e  l i q u i d  f i l m  by (Ci- C1). Pg and Pi r ep re sen t  t h e  
p a r t i a l  p re s su re s  of t h e  s o l u t e  i n  t h e  gas phase and i n t e r f a c e ,  respec-  
t i v e l y .  Ci and C l  r ep re sen t  t h e  concen t r a t ions  of t h e  d isso lved  gas  
a t  t h e  i n t e r f a c e  and i n  t he  l i q u i d  phase, r e spec t ive ly .  
If, 
N = r a t e  of mass t r a n s f e r  through u n i t  a r e a  of i n t e r f a c e  
2 ( lb .  moles /hr . - f t .  ). 
2 kg = gas - f i lm  c o e f f i c i e n t  ( l b .  moles /hr . - f t .  atm.).  
Pg = p a r t i a l  p re s su re  of d i sso lved  gas i n  gas phase (atm.) 
Pi = p a r t i a l  p re s su re  of di.ssolved gas a t  i n t e r f a c e  (atm.) 
then ,  
de f ines  t h e  r a t e  of t r a n s f e r  of ma te r i a l  through the  gas f i lm.  Th i s  
equat ion ,  however, is  not  very  p r a c t i c a l  s ince  n e i t h e r  k nor pi may g 
Figure 2.  Principle of Two-Film Theory 
be e a s i l y  determined. It is, the re fo re ,  advantageous t o  use an over- 
a l l  c o e f f i c i e n t  KG which is  defined by t h e  equation: 
Pe is  the  p a r t i a l  pressure of s o l u t e  over a so lu t ion  having the  composi- 
t i o n  of the  main l i q u i d  stream. I f  the  gas i s  very soluble ,  then the  
r e s i s t a n c e  t o  mass t r a n s f e r  i s  predominatly i n  the  gas f i l m  while the  
l i q u i d  f i l m  con t r ibu tes  very l i t t l e  t o  t h e  o v e r a l l  r e s i s t ance .  There- 
fo re ,  one may use the  above equation t o  determine t r a n s f e r  of mater ia l  
from the  gas phase t o  the  l i q u i d  phase i n  t h i s  case. 
Let us now consider the  operat ion of a  simple gas- l iquid  absorption 
tower. A gas phase is  introduced a t  the  bottom of the  tower, r i s e s  
through the  column and escapes from the  top. A l i q u i d  phase is  i n t r o -  
duced a t  the  top of the  tower, flows down through it over t h e  packing 
and escapes from the  bottom. The gas phase c o n s i s t s  of i n e r t  gas and 
a s o l u t e  gas. I ts composition may be expressed a s  t h e  r a t i o  of moles of 
so lu te  gas t o  moles of i n e r t  gas. The l i q u i d  phase is  made up of a 
lhquid solvent  and dissolved s a l u t e  gas. Its composition may s i m i l a r l y  
be expressed a s  t h e  r a t i o  of moles of so lu te  t o  moles of so lvent .  Let 
us f u r t h e r  assume t h a t  the  s o l u t e  gas is  more than s l i g h t l y  so lub le  i n  
the  so lvent .  
Taking a mater ia l  balance on the  tower when operat ing a t  s teady 
s t a t e  condi t ions ,  combining the  r e s u l t  with the  above equation one ob- 
t a i n s  t h e  following re la t ionsh ip  (24) .  
The values of Y e  a r e  obtained from t h e  equil ibrium r e l a t i o n s h i p  of the  
gas and l i q u i d  phases. I f  t h i s  equi l ibr ium re la t ionsh ip  is near ly  l i n e a r  
then one may i n t e g r a t e  the  above equation by means of the  log mean average. 
Therefore,  
The symbols i n  these  equations a r e  defined a s  follows: 
Z = t o t a l  height  of packed s e c t i o n  of tower. ( f t . )  
a  = i n t e r f a c i a l  a rea  per u n i t  volume of the  column. ( s q . f t . 1  
c u . f t . )  
KG = o v e r a l l  gas-f i lm c o e f f i c i e n t .  (lb.moles/hr.-ft  .Zatrn.) 
P = average t o t a l  pressure of gas phase. (atm,) 
G = moles of i n e r t  gas per  u n i t  time per  u n i t  c ross-sec t ion  
of tower. (Ib.rnoles/hr.-sq.ft.) 
Y = concentrat ion of the  s o l u t e  i n  the  gas phase. (moles of 
solute/mole of i n e r t  gas) 
Ye = concentrat ion of the  s o l u t e  i n  the  gas phase when the  gas 
phase i s  i n  equil ibrium with the  main l i q u i d  stream. (moles 
of solute/mole of i n e r t  gas) 
= mathematical c o r r e c t i o n  term introduced f o r  s i m p l i f i c a t i o n ,  
By d e f i n i t i o n  (25) . 
Subsc r ip t s  B and T r e f e r  t o  t he  bottom and the  top of t h e  tower,  respec-  
t i v e l y .  It i s  convenient t o  express  t he  height of t h e  column a s  t h e  
product of t h e  number of o v e r a l l  gas  t r a n s f e r  u n i t s ,  NOG, and t h e  he ight  
of one t r a n s f e r  u n i t  HOG. Thus, 
where 
and, 
NOG i s  t h e  i n t e g r a t e d  va lue  of t he  change i n  composition per  u n i t  d r iv ing  
fo rce ,  and, t h e r e f o r e ,  r e p r e s e n t s  t h e  d i f f i c u l t y  of t h e  sepa ra t ion .  
Proposed Approach t o  t h e  Problem 
It appeared t h a t  t he  shape of t h e  moebius r i n g  would lend i t s e l f  t o  
t he  simple methods of f a b r i c a t i o n ,  such a s  press ing .  An at tempt  would 
t h e r e f o r e  be made t o  apply such a process  t o  f a b r i c a t e  a s u f f i c i e n t  quan- 
t i t y  of moebius r i n g s  f o r  use  i n  eva lua t ion  s t u d i e s .  FOP ease  of handl ing 
it w a s  decided t h a t  t h e  moebius r i n g  should be 112-in.  high,  and 112-in. 
i n  e f f e c t i v e  diameter.  Af te r  f a b r i c a t i o n  c e r t a i n  phys ica l  c h a r a c t e r i s t i c s  
of t h e  r i n g s  could be  determined. Of primary i n t e r e s t  would be t h e  vo id  
space,  t h e  number of r i n g s  per  cub ic  foo t  occupied, and t h e  s u r f a c e  a r e a  
per  cubic  foot .  
The r i n g s  would then be used as packing i n  a column. While allowing 
water  t o  flow down through t h e  column over t h e  r i n g s ,  a i r  would be pumped 
i n t o  t h e  bottom of t h e  column and allowed t o  r i s e  up through it. For 
va r ious  water and a i r  r a t e s  t h e  corresponding p re s su re  drops ac ros s  t h e  
packing and consequent ly t h e  f looding  reg ion  would be determined f o r  t h i s  
system. Using t h e  same column ope ra t ing  a t  s i m i l a r  cond i t i ons ,  known 
amounts of  ammonia would be i n j e c t e d  i n t o  t h e  incoming a i r  stream. The 
tower would then  be ope ra t ing  a s  a gas - l i qu id  absorp t ion  column. By 
analyz ing  t h e  ammonia composition of t h e  water e f f l u e n t  a t  va r ious  
ope ra t ing  cond i t i ons  and applying t h e  abso rp t ion  equat ions ,  t h e  number 
of transfer units,  the heights of overall transfer units,  and the absorp- 
t ion coeff ic ients  would be evaluated for th i s  system. 
A l l  of these results for moebius rings would then be compared with 
values reported in the literature for such packing as Raschig rings, Berl 
saddles, and Intalox saddles. 
CHAPTER P I  
MATERIALS, EQUIPMENT AND INSTRUMENT AT ION 
Equipment Used f o r  Fabr ica t ion  of Moebius Ring8 
General 
To f a b r i c a t e  the  moebius r ings  t o  be used i n  t h i s  work, it was 
determined t h a t  the  Ram process would be the  l e a s t  tedious.  This  proc- 
e s s  is  a development of Ram Incorporated, i n  Columbus, Ohio. It is  the  
mechanical hydraulic  p l a s t i c  press ing  of ceramic shapes with gypsum 
cement d ies .  The d e t a i l s  sf t h i s  process a r e  discussed more completely 
in t he  chapter  on Procedures. 
The Ram process r equ i res  a minimum of equipment. Any shape t h a t  
can be made i n  a two-piece mold can be adapted t o  the  Ram Process. 
Figure 3 i s  a photograph of the  opera t ional  equipment. Here we see  a 
press with con t ro l s  fo r  l i f t i n g  and lowering, male and female d ies  and 
a i r  con t ro l s .  Figure 4 is  a l abe l l ed  schematic f o r  the  same setup.  
The Press  
The Ram Press  used f o r  this work was a six-ton C Frame Denison 
Press.  Its use was obtained through the  courtesy of Dr. Moody of the  
Ceramic Engineering Department. Bas ica l ly ,  t h i s  press  i s  vary s imi la r  
t o  a simple d r i l l  press.  The d i f fe rence  is  t h a t  t h e  ascent  and descent 
of t h e  movable p l a t e  may be automaticaLly cont ro l led .  
A i r  Valve 
The a i r  valve was a Hannifin (P-25) 114-in, ZET manual valve.  





Figure 4 .  Ram Press and DLes 
I ts  function was t o  allow a i r  t o  be blown through e i t h e r  cement d ie  t o  
a f f e c t  the  r e l e a s e  of the  molded a r t i c l e  from that die .  
Die Cases 
The d i e  cases  were made from standard 6-in. s t e e l  pipe. Three 
p a i r e  of cases  were made. These were simply r i n g s  cut  from the  pipe 
such t h a t  t h e i r  height  was 3-in.  The ins ide  surface  of the  r i n g s  was 
l e f t  rough and unpolished. The outs ide  and top  and the bottom surfaces  
were polished smooth. To be ab le  t o  properly a l i g n  o r  r e g i s t e r  mating 
d i e  cases ,  the  t o p  of each r i n g  w a s  d r i l l e d  t o  provide r e g i s t r a t i o n  
holes.  One p a i r  of cases was f o r  the  f i n a l  working d ies .  This  p a i r  
was equipped with hold-down elamps and nozzles for  a i r  hose f i t t i n g s .  
Figure 5 shows a diagram of t h e  cases,  
Cement for  Dies 
Cements were prepared with procedures and techniques s imi la r  t o  
block and case work i n  s e t t i n g  up cas t ing  molds. Three fab r i ca t ions  
were required.  
1, Master Die Members 
2, Master Die Impression 
3, Working Die Members 
For the  master d i e  members, a number one p l a s t e r  was used. The 
p l a s t e r  t o  water r a t i o  was t en  t o  seven, The master d i e  impressions 
a r e  t h e  r eve r se  of t h e  master d.ie members, 'These were made from B - 1 1  
Hydrocal, a hard gypsum cement. A cement t o  water r a t i o  of two t o  one 
was found t o  be adequate. The working d i e  members were made from the  
master d ie  %,mpressions, The cement f o r  these  d i e s  w a s  t h e  hard gypsum 
Figure 5 .  Die Case Used in  Ram Process 
cement, Ceramical. I n  t h i s  i n s t ance ,  t h e  cement t o  water r a t i o  was 
f i v e  t o  two. 
F igures  6 and 7 a r e  photographs of t h e  master d i e  impressions and 
t h e  working d i e  members, r e spec t ive ly .  The master d i e  members a r e  not  
shown. These a r e ,  however, i d e n t i c a l  t o  t h e  working d i e s  except f o r  
t h e  type  of cement from which they  a r e  fabrica.red.  A 1 1  cements were 
obta ined  from t h e  Ceramic Engineering Department. 
Clay f o r  Packing 
A Kentucky b a l l  c l ay  ready f o r  immediate u s e  w a s  suppl ied  by D r ,  
Moody, of t h e  Ceramic Engineering Department. 
Model f o r  Dies 
The model p iece  from which t h e  master d i e  members were made, was 
f a b r i c a t e d  by hand from a s t r i p  of polymethylmethacrylate.  A photograph 
of t h i s  model is reproduced i n  F igure  8. 
Hardware and Miscellaneous Items 
Severa l  small  hardware items were used throughout t h e  o v e r a l l  
f a b r i c a t i o n  process  lead ing  t o  t h e  f i n a l  product ion of t h e  tower packing. 
These were s t anda rd  minor i tems and w i l l  be only  b r i e f l y  mentioned here .  
The r e g i s t e r  p i n s ,  s t e e l  washers,  r e l e a s e  tub ing ,  nuts and b o l t s ,  and 
s i l i c o n e  mold r e l e a s e  a r e  examples of t hese  e s s e n t i a l s .  
Equipment f o r  Experimental Runs 
General 
A photograph of t h e  column f i l l e d  wi th  the  f a b r i c a t e d  packing is  
reproduced i n  F igure  9. Figure 10 i s  a simple schematic diagram of t h e  
F i g u r e  6 .  Master Die Impression 
Figure 7 .  Working Die Members 
Figure 8.  Model of Maebiue Ring 
Figure 9. Colunm Packed with  Moebiue Rings 
Thermometer 




Figure 10. Schematic of Equipment 
equipment s e tup  used t o  measure t h e  va r ious  c h a s o c t e r i s k i c s  of t h i s  
packing, 
The Column 
A 3.0 inch  I . D .  by 5.0 f e e t  long pyrex g l a s s  p ipe  w a s  used a s  t h e  
b a s i c  column f o r  measuring pressure  drops. To determine t h e  absorp t ion  
c o e f f i c i e n t s ,  a  column only 2.0 f e e t  long was used, Each pipe was 
f i t t e d  wi th  s p e c i a l l y  cons t ruc ted  top  and bottom sec t ions .  The i r  pur- 
pose was t o  he lp  maintain proper  d i s t r i b u t i o n  and c o l l e c t i o n  of both 
gas  and l i q u i d  during the  experimental  runs .  
The Top Sec t ion  of t h e  Column 
The diagram i n  Figure 11 shows t h e  t o p  s e c t i o n  of t h e  column. For 
s i m p l i c i t y ,  r e a d i l y  a v a i l a b l e  m a t e r i a l s  were used i n  i t s  cons t ruc t ion .  
One end of a  3/4- in.  l eng th  of nominal 3- in.  schedule 40 b lack  i r o n  p ipe  
was cen te red  and welded t o  a f l a t  c i r c u l a r  p l a t e ,  4.5 inches i n  diameter 
by 1 /4 - in ,  t h i ck .  T o  t h e  o the r  end of t h e  p ipe  was welded a c i r c u l a r  
f l a t  p l a t e .  The diameter of t h i s  p l a t e  was j u s t  equal  t o  t he  ou t s ide  
diameter of t he  3- in .  pipe.  Eight  h o l e s ,  each wi th  diameter  of 0.54 
inch ,  were d r i l l e d  i n  t h i s  f a b r i c a t e d  p i ece ,  One hole  was loca t ed  i n  t h e  
c e n t e r  of t he  cy l inde r  w a l l .  The o t h e r  seven ho le s  were uniformly spaced 
i n  t h e  sma l l e r  of t h e  two f l a t  p l a t e s .  I n t o  each hole  was welded a 1.5 
inch  Long p i ece  of schedule 40 b lack  i r o n  p ipe ,  nominal 114-in. diameter .  
These s h o r t  p i eces  were s o  pos i t i oned  t h a t  1 t l / 4 - i n .  of each pro t ruded  
from each hole .  Another l eng th  of 3- in .  p ipe  w a s  t hen  welded t o  t h e  
small  f l a t  p l a t e .  Th i s  p iece  was 1.5- in ,  long. The cy l inde r  wa l l  w a s  
a l s o  d r i l l e d  t o  accept  a l / 4 - i n .  p i ece  of i r o n  pipe.  Th i s  p ipe  was 
placed 3 /4- in .  below t h e  f l a t  p l a t e  wi th  t h e  holes .  
Gasket - Water In 
-1 r-1 r - i  r -  
I I  I I  I 1  ---, Gas Out 
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Figure 11. The Top Section of the C o l u w  
The l a r g e  f l a t  p l a t e  was d r i l l e d  t o  match a  4.5-in.  O.D. f lange.  
T h i s  end was t o  be the  top  of t h e  column. A f lange  was f i t t e d  t o  t h e  
g l a s s  pfpe and the  open end o f  t he  i r o n  p ipe  was sea l ed  t o  t h e  column 
by means of a gasket  and t h e  two f langes .  The upper 1/4- in.  p ipe  on 
t h e  c y l i n d e r  w a l l  was t h e  in t ake  f o r  water ,  and the  lower p ipe  was t h e  
exhaust f o r  gases .  The f l a t  p l a t e  wi th  t h e  seven small p ipes  served a s  
a d i s t r i b u t i o n  p l a t e  f o r  water  flowing down on to  t h e  packing. 
The Bottom Sec t ion  of t h e  Column 
A ske tch  of t h i s  p a r t  of t h e  c o l u m  i s  shown i n  F igure  12. To a 
c i r c u l a r  f l a t  p l a t e ,  4 , s - in .  i n  diameter and 0.25-in. t h i c k ,  was welded 
one end of a 2,5-in,  l eng th  of nominal 3-in.  diameter schedule 40 black 
p ipe .  Two ho le s  were d r i l l e d  i n  t h e  cy l inde r  wal l  of t he  pfpe,  The 
diameter  of each ho le  was 0.54-in, The i r  c e n t e r s  were loca t ed  3 / 4  and 
1 - l / % - i n . ,  r e s p e c t i v e l y ,  from t h e  s e a l e d  end. I n t o  t h e  ho le  c l o s e  t o  
t h e  s e a l e d  end was welded a  1-112-in. long p i ece  of 1/4- in.  pipe.  A l l  
but  114-in.  of t h i s  small  p ipe  pro t ruded  out  from t h e  cy l inde r  wal l .  
The o t h e r  ho le  w a s  f i t t e d  wi th  a  p ipe  s o  t h a t  1 - i n ,  protruded i n t o  t h e  
c y l i n d e r  and 1-1/2-in,  p ro t ruded  out  from the  cy l inde r .  To t h e  i n t e r n a l  
p i ece ,  a 90' elbow was a t t a c h e d  with i t s  open end f ac ing  away from t h e  
s e a l e d  end of t h e  cy l inde r .  Over t h e  open end, a small b a f f l e  w a s  pos i -  
t i oned  t o  prevent  water from f lowing i n t o  t h i e  small pipe. To t h e  open 
end of t h e  l a r g e  p ipe ,  a c i r c u l a r  p i ace  of wire  gauze, fou r  mesh per  
inch ,  was a t t a c h e d  wi th  so lde r .  The l a r g e  f l a t  p l a t e  was now d r i l l e d  
t o  match a 4.5-in.  O.D. f l ange .  A f l ange  was f i t t e d  to t h e  g l a s s  p ipe  
and t h e  open end of t h e  i r o n  p ipe  was sea l ed  t o  t h e  column by means of 
Glasr Pipe 
I 8 . 8 .  Wire Gauze 
I 
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Figure 12. The Bottom Section of the Column 
a gasket and the  two f langes,  The small pipe with t h e  elbow was the  
gas in take ,  the  o the r  small pipe was t h e  water drainpipe. The wire gauze 
was the  support p l a t e  f o r  the  packing. 
Manometer 
A simple U-type manometer was i n s t a l l e d  across  the  two small pipes 
f o r  gas in take  and exhaust.  This  was done by f i t t i n g  a tee-piece t o  both 
pipes.  The t e e  thus supplied a simple t a p  d i r e c t l y  i n  the  l i n e  of gas 
flow i n t o  o r  out  of t h e  column. Two manometers were used during the  
experimental runs. One contained water while the  other  contained mercury. 
Water In take  
The small water in take  pipe a t  the  top of the  column was connected 
t o  a water supply l ine .  Placed i n  the  l i n e  f o r  con t ro l  purposes were 
one -globe valve ,  a thermometer, a Fimcher-Porter f l o r a t e r  and another 
globe valve ,  
Water Drain 
To the  water d ra in  pipe a t  the  boftom of the  column were connected 
a thermometer, a globe valve  and a shor t  piece of d ra in  pipe leading t o  
a small bucket f i t t e d  with an overflow pipe. The small bucket was used 
a s  a sample co l l ec to r .  
Gas Intake 
The gas in take  l i n e  was f i t t e d  with a manometer t a p ,  and a l i n e  
leading t o  a source of ammonia and air. Both gas l i n e s  contained a 
globe valve,  a pressure gauge, a thermometer, a f l o r a t o r ,  and another 
globe valve before the  t i e - i n  t o  t h e  gas supply. A s  seen i n  Figure 10, 
the  gases could be made t o  flow through the  column e i t h e r  sepa ra te ly  o r  
concursently. 
Gas Exhaust 
The l i n e  was f i t t e d  wi th  a  manometer t a p ,  globe va lve  and sample 
l i n e ,  and a  globe va lve  and exhaust l i n e  leading t o  a  hood. 
Valves 
A l l  t h e  va lves  were of t h e  globe type  so ld  by Crane Company. They 
were made of b r a s s ,  t o  f i t  114-in.  pipe.  
F l o r a t o r s  
The v a r i o u s  flow measurements were c a r r i e d  out by us ing  Fischer -  
P o r t e r  F l o r a t o r s .  There were t h r e e  of t hese .  One each f o r  water ,  a i r  
and ammonia. The c a l i b r a t i o n  curves f o r  t h e  f l o r a t o r s  a r e  given i n  
Appendix 2.  
A i r  -
Compressed a i r  was available i n  the labora tory .  When used i n  t h e  
experimental  r u n s ,  t h i s  a i r  was made t o  flow through a  sump t ank ,  a  
simple water t r a p  and a  p re s su re  r e g u l a r  before  going t~ t h e  column. 
Amon ia 
The ammonia source was from a s tandard  tank of commercially a v a i l -  
ab l e  dry ammonia. 
Laboratory Suppl ies  
Ana ly t i ca l  chemical r eagen t s ,  p i p e t t e s ,  b u r e t t e s ,  thermometers, 
glassware,  and o the r  s tandard  l abo ra to ry  supp l i e s  need no f u r t h e r  desc r ip -  
t i o n .  
CHAF'TER 111 
PROCEDURE 
Fabr i ca t ion  of Packing 
The Ram Process  
The Ram Process  is  the  mechanical hydraul ic  p l a s t i c  p re s s ing  of 
ceramic shapes wi th  gypsum cement d i e s .  I n s t a n t  r e l e a s e  of t h e  pressed  
shape may be obta ined  by means of f l u i d  pressure  forced  through t h e  per -  
meable d i e .  Any shape t h a t  can be made i n  a two-piece mold can be 
adapted t o  t h e  Ram Process .  Each Ram d i e  c o n s i s t s  of two members; 
u sua l ly  a male and female member. These d i e s  a r e  encased i n  metal d i e  
cas ings  and a r e  provided wi th  r e g i s t r a t i o n  p i n s  f o r  proper  alignment of 
t h e  members. The gypsum cement body is  i n t e r n a l l y  r e in fo rced  t o  provide 
f o r  t h e  p re s su re  requirements .  The body may range from 100 per  cent  c l a y  
to 100 p e r  cent non-plastic. Generally, the clay charge should be of a 
" s t i f f  mud" consis tency.  
P repa ra t ion  of Model f o r  Die Fab r i ca t ion  
It was decided t h a t  t h e  packing r i n g  should have e s s e n t i a l l y  t he  
same s u r f a c e  a r e a  a s  a Raschig r i n g  of s i m i l a r  dimensions. Thus, a 
s t anda rd  112-in.  stoneware Raschig r i n g  has the dimensions 112-in.  O.D. 
x l / 2 - i n .  H. x 3/32-in.  wa l l  th ickness .  It may be f a b r i c a t e d  by r o l l i n g  
a r ec t angu la r  s t r i p  of p l e x i g l a s ,  112-in. wide, 1.57-in.  long and 3/32-in.  
t h i c k ,  i n t o  a cy l inde r  and s e a l i n g  the  b u t t  ends. A 1 /2- in .  moebius r i n g  
could be formed by us ing  a n  i d e n t i c a l  r ec t angu la r  s t r i p ,  Before s e a l i n g  
t h e  b u t t  ends,  however, a  s i n g l e  continuous twist must be incorpora ted  
i n t o  t h e  cy l inde r .  This  was t h e  method t h a t  was used t o  prepare t he  
model f o r  t h e  Ram d ie s .  It was e s s e n t i a l ,  however, t o  consider  t he  
shrinkage and expansion inherent  t o  t he  cements and c l a y  t o  be used i n  
the  va r ious  s t e p s  lead ing  t o  t h e  product ion of the  packing r i n g .  Through 
t r i a l  and e r r o r ,  it was found t h a t  t h e  model should have the  dimensions 
of a  314-in.  Raschig r i n g  i f  a  112-in.  moebius r i n g  was des i red .  That 
is, t h e  r ec t angu la r  s t r i p  would be ,  314-in.  wide, 2 .34-in.  long and 
118-in.  t h i c k .  
T h i s  r ec t angu la r  s t r i p  was cut  from a  shee t  of 118-in.  t h i c k  P lex i -  
g l a s .  To make t h e  s t r i p  f l e x i b l e ,  i t  was placed i n  an  oven of 3 5 0 ~ ~ .  
Af t e r  s e v e r a l  minutes ,  t h e  s t r i p  was removed from t h e  oven, immediately 
tw i s t ed  once, tu rned  t o  b u t t  t h e  ends ,  and cooled i n  t h a t  pos i t i on .  ' 
Ethylene d i c h l o r i d e  so lven t  w a s  used t o  s e a l  t oge the r  t h e  bu t t ed  ends.  
The r e s u l t a n t  r i n g  was r a t h e r  lops ided .  To c o r r e c t  t h i s ,  it was r e tu rned  
t o  t he  oven f o r  s e v e r a l  minutes,  Because of i t s  so -ca l l ed  memory property, 
t h e  P l e x i g l a s  had a tendency t o  r e t u r n  t o  i t s  o r i g i n a l  shape of a f l a t  
s t r i p .  The s e a l ,  however, prevented t h i s .  Consequently, a p l a s t i c  r i n g  
was obta ined  t h a t  was not  lopsided and whose shape could be simply and 
i d e n t i c a l l y  reproduced. F igure  13  shows s e v e r a l  p l a s t i c  r i n g s  i n  va r ious  
s t a g e s  of forming be fo re  t h e  f i n a l  P l e x i g l a s  model i s  a t t a i n e d .  
Prepara t ion  of P l a s t e r  f o r  Master Die 
A s tandard  mix of p o t t e r y  p l a s t e r  was used f o r  t h e  Master Die.  
Five pounds of No. 1 p l a s t e r  were g e n t l y  sp r ink led  i n t o  3-112 pounds of 
d i s t i l l e d  water  a t  81°F. During t h e  s p r i n k l i n g ,  t h e  mixture was very  
g e n t l y  s t i r r e d  by hand. Extreme ca re  was exe rc i sed  t o  minimize t h e  
Figure 13. Formation of  P las t i c  Moebius Ring 
entrainment of a i r  i n t o  t h e  mixture.  The s t i r r i n g  was cont inued f o r  about 
20 minutes. A t  t h e  end of  that t ime,  t h e  mixture began t o  th icken .  The 
mixture was now cons t an t ly  checked by hand f o r  cons1.stency. When it 
reached t h e  cons is tency  of a  heavy cream, it was ready f o r  immediate 
pouring. Af t e r  pouring,  t h e  p l a s t e r  s e t  very  quick ly  and could be r ea -  
sonably handled w i t h i n  15 minutes without cracking or  crumbling, 
P repa ra t ion  of Cement f o r  Master Die Impressions 
It was necessary  t o  prepare  Master Die Impressions from t h e  Master 
Die members. A hard gypsum cement was used f o r  t h i s  purpose. S p e c i f i -  
c a l l y ,  t h e  B - 1 1  Hydrocal was mixed wi th  water i n  t he  r a t i o  of s i x  pounds 
of Hydrocal t o  t h r e e  pounds of water f o r  each d ie .  The procedures  f o r  
mixing, s t i r r i n g ,  and determinat ion of cons is tency  were i d e n t i c a l  t o  those  
given above f o r  t h e  p repa ra t ion  of t h e  No. 1 p l a s t e r  mix. 
P repa ra t ion  of Cement f o r  Working Die Members 
The working d i e  members were prepared from t h e  Master Die impres- 
s ions .  Here, too ,  a hard gypsum cement was used. Since the  working d i e  
members must be made permeable t o  a i r ,  CeramicaL cement was used. A 
r a t i o  of 7.5 t o  1 of Ceramical t o  d i s t i l l e d  water was used. The cement 
and water were mixed mechanically w i th  a high-speed propel lor - type  mixer. 
Care w a s  t aken  t o  prevent  t h e  in t roduc t ion  of a i r  i n t o  t h e  mixture.  The 
mixing was cont inued f o r  22 minutes at which t ime f u r t h e r  mixing was con- 
t i nued  by hand. When t h e  mixture had a creamy t e x t u r e ,  it  was ready f o r  
immediate pouring. 
P repa ra t ion  of Master D i e  Member 
The model s f  t h e  p iece  was prepared as descr ibed  above. Although 
it should p re fe rab ly  be of p l a s t e r ,  P l e x i g l a s  o f f e r e d  t h e  advantage of 
ease of f ab r i ca t ion .  Tedious w h i t t l i n g  and measuring were el iminated,  
Fur ther ,  the  f i n a l  shape would be d ic ta t ed  only by the  dimensions of the  
f l a t  s t r i p  of p l a s t i c .  The preparat ion of the  Master Die members pro- 
ceeded a s  fol1,owsn 
(a)  The surface  of the  p l a s t i c  model was thoroughly soaped with 
a  so lu t ion  of sodium s t e a r a t e .  A s  t h e  water evaporated, a  t h i n  f i l m  of 
soap formed on the  p l a s t i c ,  This  f i l m  imparted mold re l ease  t o  the  
p l a s t i c  s o  t h a t  it could be e a s i l y  par ted  from p l a s t e r  poured agains t  
i t ,  
(b) The model was centered i n  the  die casing with the  pa r t ing  
l i n e  l e v e l  and a t  the  l e v e l  des i red  i n  the  d ie  r i n g ,  
(e) The model was blocked i n  place with put ty .  P l a s t i c  c lay ,  o r  
modeling c lay  may be a l s o  used f o r  blocking. Figure 14 shows a simple 
shaped model in t h e  blocked pos i t ion .  
(d) The surface  of the  blocking mater ia l  was smoothed and shaped 
t o  the  des i red  contour, 
( e )  The pu t ty  and model were soaped and resoaped. 
( f )  A second d i e  casing was placed i n  pos i t ion  by r e g i s t e r i n g  
with p ins  i n  the  r e g i s t r a t i o n  holes.  It was made c e r t a i n  t h a t  the  metal 
r ings  were i n  in t imate  contact .  This  second d i e  was now f i l l e d  with No. 
1 po t t e ry  p l a s t e r .  I n  pouring the  p l a s t e r ,  caut ion  was taken t o  prevent 
a i r  being trapped on the  surface  of the  model o r  blocking mater ia l .  
Figure 15 shows the  pos i t ion  of the  d ies  f o r  t h i s  f i r s t  pour. 
(g) The p l a s t e r  was allowed t o  s e t  and the  d i e  r i n g s  were 
separated.  
"Blocking In" Medium 
Figure 14. Setup for Master Die 
Plaster-Firat Pour 
Blocking In Medium 
Figure 1 5 .  Die Positions for First Pour 
(h) The blocking m a t e r i a l  was cleaned from the  su r f ace  of t he  
p l a s t e r .  The contour  des i r ed  i n  t he  p l a s t e r  was obta ined  by d re s s ing  
and smoothing t h e  su r f ace .  The model and d i e  were r e s t e d  f o r  t i g h t n e s s  
of f i t .  A s l i g h t l y  loose  f i t  was des i red .  
( i )  The model and p l a s t e r  a r e a  were we l l  soaped. The modal was 
placed i n t o  p o s i t i o n  i n  t h e  d i e  and t h e  combination w a s  resoaped. 
( j )  The f i r s t  d i e  r i n g  was cleaned,  placed back i n  p o s i t i o n  and 
r e g i s t e r e d  as before.  I n  r e g i s t e r i n g  the  r i n g s ,  spacer  washers were 
used at t h e  r e g i s t r a t i o n  p i n s  between the  two r i n g s  t o  s e p a r a t e  t he  two 
d i e  cas ings  about 118-in.  The a d j u s t a b l e  space was provided between 
t h e  cas ings  s o  t h a t  t h e  Working Die Members could be brought c l o s e r  t o -  
ge ther  during the  working l i f e  of  t h e  d i e .  Th i s  is necessary  t o  counter-  
a c t  a  growth i n  t h e  seam o r  f i n  t h a t  would occur due t o  d i e  wear a t  t h e  
cu t -of f  po in t .  The spacer  washers were p r e c i s i o n  machined i tems t o  en- 
s u r e  t h a t  they  were of i d e n t i c a l  th icknesses .  See Figure  16 f o r  second 
pour p o s i t  ion. 
(k) The d i e  r i n g  was f i l l e d  wi th  the  No. 1 p l a s t e r  mix. I n  pour- 
ing  t h e  mix, ca re  was exe rc i sed  t o  prevent  entrapment of a i r  on t h e  
su r f ace  of t h e  model o r  p l a s t e r  a r e a .  
(1) When t h e  p l a s t e r  w a s  s e t ,  t h e  d i e  r i n g s  were separa ted  and 
the  model w a s  removed. 
(m) The su r f ace  of each d i e  was dressed ,  g u t t e r  a r e a s  were carved,  
and t h e  d i e s  were smoothed and f i n i s h e d  where necessary.  F igures  17 and 
18 show t h e  carv ing  of the  g u t t e r s  and t h e  completed Master Die Members, 
r e spec t ive ly .  
P l a s t e r - S e c o n d  Pour 
S p a c e  
Washers 
S e t  P l a s t e r  from First Pour 
F i g u r e  1 6 .  Die P o s i t i o n  for Making S e c o n d  Pour 
for Maater Die 
Plaster from Second Pour - 





Plaster from Firrt Pour 
Figure 17. Cutting of Gutters in  Master Die 
Male Member 
Female Member 
Figure 18. Completed Master D i e  
(n) Due t o  expansion of t h e  p l a s t e r ,  i f  placed toge the r ,  t h e  two 
d i e s  must be sepa ra t ed  by double t h e  s e p a r a t i o n  provided during pouring. 
P repa ra t ion  of Master Die Impressions 
The Master Die impressions a r e  t he  r e v e r s e  of t he  Master Die Members 
and t h e  Working Die Members were made from them. These impressions were 
made o u t  of t h e  B - 1 1  Hydrocal cement prepared a s  descr ibed  below. The 
p repa ra t ion  of t h e  d i e s  proceeded a s  follows: 
( a )  Both members of t h e  Master Die were thoroughly soaped. 
(b)  Clean d i e  r i n g s  were placed i n  i n t ima te  con tac t  wi th  and i n  
p o s i t i o n  on both  the  Master Die Members. The r i n g s  were c o r r e c t l y  r e g i s -  
t e r e d  t o  enable t h e  impressions t o  f i t  t oge the r  proper ly .  
( c )  The Hydrocal mixture was poured c a r e f u l l y  t o  prevent  a i r  en- 
t ra inment .  
(d) When the  mixture was s e t ,  t he  r i n g s  were pa r t ed .  
( e )  Where r e q u i r e d ,  t h e  face  of each D i e  Impression was smoothed 
and touched up. 
( f )  The face  of each Die Impression was coa ted  wi th  a t h i n  so lu-  
t i o n  of s h e l l a c  and a l coho l  (1: lO).  The coa t ing  was app l i ed  u n t i l  a  
l u s t e r  appeared on t h e  su r f ace  t o  i n d i c a t e  no f u r t h e r  p e n e t r a t i o n  of 
s h e l l a c  i n t o  t h e  cement. 
(g) Each Impression was thoroughly soaped and p laced  on i t s  s i d e  
t o  dry s o  t h a t  t h e  drying took p l ace  from t h e  back. 
P repa ra t ion  of Working Die Member 
The Working d i e s  a r e  an  i n t e g r a l  p a r t  of t h e  Ram Press ing  Operation. 
The i r  q u a l i t y ,  t h e r e f o r e ,  p l ays  a major p a r t  i n  governing t h e  e f f i c i e n c y o f  
t h e  p re s s ing  process  and f a b r i c a t i o n  of t h e  f i n a l  product.  The s tepwise 
procedure t h a t  was followed i n  prepar ing  t h e  Working Die Members is  
l i s t e d  here: 
(a )  The Master Die Impressions were thoroughly soaped. 
(b) The cas ings  equipped wi th  t h e  coupling f o r  an  a i r  hose were 
used f o r  the  Working Die Members. 
( c )  The r e l e a s e  c o i l  mechanism w a s  placed i n  each d i e  r i n g .  Th i s  
mechanism was made from F ibe rg l a s  tub ing .  It i s  permeable t o  a i r ,  f l e x i b l e ,  
bu t  r e s i s t a n t  t o  co l l apse .  A more d e t a i l e d  d e s c r i p t i o n  of t he  r e l e a s e  u n i t  
des ign  and placement i s  given elsewhere i n  t h i s  chapter .  
(d) Each d i e  r i n g  was placed i n  p o s i t i o n  on t h e  Impression Members. 
The a l i g n i n g  p i n s  were used t o  r e g i s t e r  t h e  d i e s ;  t h e  a i r  hose adapter  
f i t t i n g s  were a l igned  one above t h e  o t h e r ;  and, t he  metal r i n g s  were i n  
in t ima te  contac t .  
( e )  The Ceramical cement was mixed, poured i n t o  t h e  d i e ,  and 
allowed t o  s e t .  
( f )  The a i r  hose was hooked up. A s  soon a s  t h e  i n i t i a l  s e t  had 
taken e f f e c t ,  t h e  a i r  purge schedule was s t a r t e d .  The purge was necessary  
t o  induce permeabi l i ty .  It was accomplished by applying a i r  p re s su re  
through the  r e l e a s e  c o i l  mechanism t o  blow or clri.ve out  t h e  excess  water 
used i n  t h e  cement mixture.  The purging schedule was q u i t e  simple. It 
w a s  s t a r t e d  f i v e  minutes a f t e r  i n i t i a l  s e t  wi th  a i r  p re s su re  c o n t r o l l e d  
a t  t e n  pounds per  square inch. Af te r  30 seconds, t he  a i r  p re s su re  was 
increased  t o  20 p . s . i .  The rea f t e r ,  every 30 seconds,  t he  a i r  p re s su re  
was increased  by 10 p . s . i . ,  u n t i l  a p re s su re  of 100 p , s . i .  was a t t a i n e d .  
(g) The Working Die sepa ra t ed  e a s i l y  from t h e  Die Impression i m -  
mediately a f t e r  t h e  i n i t i a l  purge wi th  a i r  was completed. 
(h) During the  purge pe r iod ,  t he  Working Die was placed on i t s  s i d e .  
The face  of t h e  d i e  was sponged f requent ly .  
( i )  When completely purged, the  Working Dies were mounted i n t o  
p o s i t i o n  on t h e  Ram p r e s s ,  They were now ready f o r  t h e  p re s s ing  of t h e  
packing r i n g s .  
Release Unit  Mechanism 
The r e l e a s e  u n i t  was encased wi th in  t h e  Working d i e  t o  a l low f o r  t h e  
in t roduc t ion  of compressed a i r ,  The a i r  must be proper ly  d i s t r i b u t e d  t o  
r e l e a s e  t h e  formed ware from t h e  d i e ,  An equa l ly  important func t ion  was 
f o r  in t roducing  t h e  compressed a i r  i n t o  s e l e c t e d  po r t ions  of  t h e  Working 
d i e  f o r  purging during the  d i e  making procedure, Various m a t e r i a l s  could 
have been used f o r  t h i s  purpose. The choice i n  t h i s  case was a  permeable 
f i b e r  g l a s s  s l eev ing  which had been annealed to induce a  degree of r i g i d -  
i t y .  The f i b e r g l a s  s l eev ing  d id  not  r e t a i n  a formed shape. Consequently, 
t o  s e rve  a s  t h e  r e l e a s e  u n i t ,  it had t o  be formed on a  r e t a i n i n g  member. 
Two s t e p s  were necessary  t o  a t t a i n  t he  proper form. F i r s t ,  a n  annealed 
i r o n  wire  was i n s e r t e d  i n  t he  s l eev ing  and bent t o  t h e  d e s i r e d  shape, 
Next, t h e  formed s l eev ing  was f a s t ened  t o  a  1/2-in. mesh metal  c l o t h .  
The genera l  shape imparted t o  t h e  s l eev ing  was t h a t  of a h e l i c a l  c o i l .  
The s l eev ing  was spaced not  f a r t h e r  a p a r t  than  t h e  d i s t a n c e  from t h e  
s l eev ing  t o  t h e  f ace  s f  t h e  d ie .  Nor were t h e  c o i l s  of t h e  s l eev ing  
wound c l o s e r  t oge the r  than  t h e  diameter 0% t h e  s leeving .  Figure 19 shows 
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Figure 19. Ware Release Unit 
Operat ion  of Ram Process  
The novel f e a t u r e  of t h e  Ram Process  i s  t h a t  of t he  r e l e a s e  of t h e  
formed ware from a permeable cement d i e .  Th i s  is  accomplished by blowing 
air through t h e  d i e  t o  a f f e c t  t h e  r e l e a s e .  The pressed  ware adheres  
r i g i d l y  t o  t h e  d i e  u n t i l  r e l e a s e d  by t h e  a i r .  The s tepwise procedure 
f o r  p re s s ing  t h e  ware and f o r  r e l e a s i n g  i t  from t h e  d i e  member is a s  
folaows: 
(1) The male and female d i e s  were mounted i n t o  p o s i t i o n  on t h e  
Ram p res s .  The r e g i s t e r i n g  p i n s  were used t o  a l i g n  t h e  d i e s .  The p re s s  
was a d j u s t e d  s o  t h a t  t h e  male member could not  descend t o o  f a r  onto t h e  
female member t o  cause cracking of a  d i e ,  
(2) The c l a y  charge was extruded t o  g ive  a Long s o l i d  rod of 
about 314-in. diameter.  Th i s  was c u t  i n t o  small d i s k s  of 3/4- in,  diameter 
and 114-in. he igh t .  
(3)  The c l a y  d i s h  was p laced  on t h e  lower d i e  member. 
(4) The p r e s s  w a s  a c t i v a t e d ;  t h e  d i e s  were brought i n t o  r e g i s t r a -  
t i o n ,  t h u s  spreading  t h e  c l a y  charge and forming t h e  ware i n  t h e  c a v i t y  
of t h e  d i e .  
(5)  A i r  was app l i ed  t o  t h e  lower d i e  member t o  r e l e a s e  t h e  formed 
ware from it. When t h e  p r e s s  ram was allowed t o  r e t u r n  t o  t h e  open pos i -  
t i o n ,  t h e  formed ware adhered t o  t h e  upper Working Die Member. 
(6)  A i r  was now a.pplied t o  t h e  upper d i e  member. Th i s  allowed 
t h e  adhered formed ware t o  drop o f f .  
(7 )  The formed ware was placed on a t a b l e  t op  and allowed t o  a i r -  
dry overnight .  Af t e r  a i r -d ry ing ,  it was f u r t h e r  d r i e d  and processed by 
f i r i n g  i n  an  oven. The f i r i n g  was accomplished a f t e r  the  ware had been 
exposed t o  a temperature of about 2000°F, f o r  approximately four hours. 
(8) The f l a s h  from the  ware was removed a f t e r  the  f i r i n g  was 
completed. 
(9) The air appl ied  f o r  r e l ease  of the  formed piece from the  upper 
d i e  and was l e f t  on very b r i e f l y .  During t h i s  time, t h e  water picked up 
by the  d i e  members i n  the  press ing  operat ion was forced t o  t h e  surface  of 
the  d ie .  Before recharging the  d i e  with c lay ,  the  a i r  was shut  of f  and 
the  water was sponged from the  d i e  surface.  The sponging operat ion was 
only s u f f i c i e n t l y  adequate t o  approximately remove the  water which was 
picked up during the  pressing;  the  o r i g i n a l  water i n  the  d i e  must remain 
i n  t h e  d i e  members. 
Preparat ion of Clay 
The c l a y  was prepared by s tudents  of the  Ceramic Engineering Depart- 
ment according t o  the  standard techniques of mixing and deaerat ion.  
Evaluation of Packing 
General 
The c a l i b r a t i o n  of f l o r a t o r s ,  s tandardiza t ion  and t i r r a t i o n  of 
so lu t ions  a r e  genera l ly  well-known procedures, Pe r t inen t  da ta  a r e ,  the re -  
fo re ,  presented i n  Appendices 2 and 5. 
Packing of the  Column 
It was des i rab le  t o  have a random arrangement of the packing in 
the  column. To obta in  t h i s  the  column was prepared a s  follows; The 
bottom s e c t i o n  was a t tached t o  the  g l a s s  pipe. The column w a s  then par-  
t i a l l y  f i l l e d  with water. Pieces of the  f ab r i ca ted  packing were 
i n d i v i d u a l l y  dumped i n t o  t h e  water and allowed t o  s e t t l e  n a t u r a l l y .  Th i s  
procedure was continued u n t i l  a packed he ight  of four  f e e t  s i x  inches was 
a t t a i n e d  i n  t h e  column. The top  s e c t i o n  was f i t t e d  t o  t h e  column, t hus ,  
making the  column ready  f o r  t h e  experimental  runs.  
Pressure  Drop 
With t h e  column ope ra t ing  a t  v a r i o u s  gas and water flow r a t e s ,  t h e  
p re s su re  drops were measured by means of a manometer. For low p res su re  
drops, a water manometer was used. When t h e  water manometer became i m -  
p r a c t i c a l  because of higher  pressure  drops,  a mercury manometer w a s  sub- 
s t i t u t e d .  For each p a r t i c u l a r  a i r  and water flow combination, t h e  column 
w a s  allowed t o  ope ra t e  f o r  a t  l e a s t  15 minutes be fo re  a p re s su re  drop read-  
ing  was recorded. Prel iminary experiments showed t h a t  t h i s  time was s u f -  
f i c i e n t  f o r  equ i l i b r ium t o  be e s t ab l i shed .  Each run  was repea ted  four  
t imes t o  o b t a i n  average va lues .  
The runs  f o r  pressure  drop de termina t ions  followed a d e f i n i t e  s e -  
quence. The a i r  and water va lves  were turned  on. The a i r  flow was 
a d j u s t e d  t o  t h a t  des i r ed  by means of t h e  va lves  and t h e  c a l i b r a t e d  
f l o r a t o r .  The water flow was now shut  o f f  and t h e  column was allowed 
t o  d ra in .  When completely dra ined  of water ,  t h e  column was allowed t o  
e q u i l i b r a t e  a t  t h e  p r e - s e t  a i r  flow. Af te r  eq-uilibrium was e s t a b l i s h e d ,  
t h e  p re s su re  drop was recorded. The water  was aga in  turned  on and s e t  
f o r  a d e s i r e d  flow r a t e ,  The a i r  flow r a t e  was l e f t  unchanged. Af te r  
equ i l i b r ium was aga in  e s t a b l i s h e d  i n  t h e  column, t h e  p re s su re  drop was 
recorded. Th i s  procedure was repea ted  u n t i l  t h e  pressure  drops were 
recorded f o r  seven water  flow r a t e s  f o r  each of t e n  a i r  flow r a t e s .  Also 
recorded were t h e  d a t a  f o r  t h e  d r y  packing and wet and dra ined  packing 
f o r  each a i r  flow r a t e .  Th i s  whole procedure was completely repea ted  
four  t imes i n  t h e  same p re sc r ibed  sequence. To c o r r e c t  f o r  t h e  apparent  
h igh  pressure  drops due t o  t h e  support  and d i s t r i b u t i o n  p l a t e s ,  t h e  a i r  
flow experiments were repea ted  wi th  the  unpacked column. Since the  
absence of packing e l imina ted  l i q u i d  holdup, t h e  water r a t e  was zero  
f o r  t hese  runs.  The p re s su re  drop a c r o s s  t h e  dry packing f o r  d i f f e r e n t  
a i r  flows was a l s o  recorded. To be c o n s i s t e n t  wi th  the  d a t a  r epo r t ed  
i n  t h e  l i t e r a t u r e ,  e f f e c t s  such a s  wal l  f r i c t i o n  were neglected.  
Void Volume 
A bulk  volume of one cubic  foo t  of t h e  packing was poured i n t o  a 
con ta ine r  f i l l e d  with one cubic  foo t  of water.  The con ta ine r  had a 
diameter of one foo t  and w a s  two f e e t  high. By simply measuring t h e  
amount of water  d i sp laced ,  i t  was poss ib l e  t o  determine the  void volume 
of t he  packing. 
S p e c i f i c  Surface 
The t o t a l  su r f ace  a r e a  per  cubic  foot  of packing was c a l c u l a t e d  
from t h e  dimensions of t h e  f a b r i c a t e d  p iece  and t h e  number of p i eces  
i n  a packed volume of one cubic  f o o t ,  
Absorption of Ammonia 
Water, a i r ,  and ammonia were allowed t o  flow through t h e  column. 
The a i r  and annnonia flow f a t e s  were ad jus t ed  t o  s p e c i f i c  q u a n t i t i e s .  
While maintaining t h e s e  flows, t h e  water  r a t e  w a s  s e t .  The column was 
run  a t  t h e s e  s e t  flows f o r  one-half hour a f t e r  a cons tan t  temperature 
e s t a b l i s h e d  equi l ibr ium.  Then, four  50.0 m l .  samples of water  e f f l u e n t  
were c o l l e c t e d  ten minutes a p a r t  and p i p e t t a d  i n t o  100,OO ml. of hydro- 
c h l o r i c  a c i d  so lu t ion .  The r e s u l t i n g  s o l u t i o n  was b a c k t i t r a t e d  wi th  a 
standard sodium hydroxide s o l u t i o n  t o  a phenophthalein end point .  The 
water flow r a t e  was adjus ted  t o  a new value  and the  experiment repeated,  
I n  a l l ,  four water r a t e s  were used f o r  t h i s  combination of a i r  and 
ammonia flows, This complete procedure was then repeated f o r  eaeh of 
e i g h t  add i t iona l  combinations of a i r  and ammonia flows. For each 
case,  the  molar r a t i o  of ammonia flow t o  a i r  flow was maintained con- 
s t a n t  when the  gas flows were re-set .  For each run, the  temperatures 
of the  i n l e t  water,  the  e f f l u e n t  water,  the  a m n i a  i n l e t  flow and the  
a i r  i n l e t  flow, were recorded, The atmospheric pressure and temperature 
were a l s o  recorded. 
Holdup 
The water flow through the  column was adjusted a s  desired.  Af ter  
equil ibrium was es tabl i shed the  water t o  the  tower was shut  o f f .  The 
quan t i ty  of water  t h a t  drained from the  column during a period of f i v e  
minutes a f t e r  the  feed had been shut  off  was co l l ec ted  and measured. 
This was the  operat ing holdup f o r  t h a t  particular water flow, 
CHAPTER IV 
RESULTS AND DISCUSSION 
N e w  Packing 
The Ram Process  f o r  f a b r i c a t i n g  t h e  new packing was found t o  be 
convenient and simple. The packing p ieces  were made without  any par-  
t i c u l a r  d i f f i c u l t y ,  once t h e  v a r i a b l e s  of product ion became known. The 
use of d i e s  capable of p re s s ing  only one ware a t  a t ime,  however, proved 
t o  be t ed ious  work. Dies t h a t  could p re s s  a dozen o r  more p i eces  a t  a  
time would e l i m i n a t e  t h e  slow r a t e  of product ion.  Observations of t he  
f a b r i c a t i n g  procedure ind ica t ed  t h a t  t h e  packimg could be r e a d i l y  formed 
by methods app l i ed  t o  t he  f a b r i c a t i o n  of Besl and In t a lox  saddles ,  For 
t h i s  reason ,  i t  i s  be l ieved  t h a t  t h e  commercial product ion of t h e  new 
packing could be economically competi t ive.  A r igorous  economic evalua-  
t i o n  s tudy  would r e q u i r e  knowledge of such f a c t o r s  a s  t h e  maximum pos- 
s i b l e  r a t e  of product ion,  t h e  e f f i c i e n c y  of t h e  packing i n  abso rp t ion ,  
t h e  r e s i s t a n c e  o f f e r e d  t o  t he  flow of f l u i d s  through t h e  packing, t h e  
s t r e n g t h  of t h e  packing, and the  m a t e r i a l s  of cons t ruc t ion .  The evalua-  
t i o n  of some of t hose  i tems is  beyond t h e  scope of t h i s  t h e s i s .  
A m a s u r e  of some of t h e  phys i ca l  c h a r a c t e r i s t i c s  of t h e  packing 
showed t h a t  t h e r e  were approximately 9000 r i n g s  per  cubic  foo t  of pack- 
ing.  The su r f ace  a r e a  was approximately 104 square f e e t  per  cubic  foo t  
and t h e  vo id  space was found t o  be 63 per  cent .  Since t h i s  packing i s  
a nominal s i z e  of 112-in. ,  i t  can r e a d i l y  be compared with 112-in. 
Raschig r i n g s ,  Be r l  s add le s ,  and I n t a l o x  saddles .  Th i s  can b e s t  be done 
by t a b u l a t i o n  a s  i n  Table 4. 
Table 4 ,  Comparison of 112-In. Packing 
Approximate 
Approximate Surface Area 
Number pe r  Square ~ o o t l  Per Cent 
Packing Cubic Foot Cubic Foot Free Space 
Raschig Ring 
Ber l  Saddle 
I n t a l o x  Saddle 
New Packing 9,000 104 6  3  
The new packing appa ren t ly  t a k e s  up 16  per  cent  more space than  t h e  
equ iva l en t  Raschig r i n g  and, t h e r e f o r e ,  o f f e r s  l e s s  t o t a l  s u r f a c e  a r e a  
f o r  mass t r a n s f e r .  
Pressure  Drop 
The p re s su re  drop a c r o s s  t h e  packing was measured a t  water  flows 
of zero ,  wet and dra ined ,  1225, 3675, 4900, 6125, 7810, 9371, and 10945 
lb s . / h r . / sq .  f t .  f o r  a i r  f lows of 63, 127, 190, 253, 317, 380, 443, 537, 
570, and 633 l b s , / h r . / s q .  f t .  The r e s u l t s  are t a b u l a t e d  i n  Table  5  and 
p l o t t e d  i n  F igure  20 t o  show t h e  r e l a t i o n s h i p  between p re s su re  drop pe r  
foo t  of packing and gas flow f o r  v a r i o u s  cons tan t  water  flows. Below 
t h e  f lood ing  r eg ion ,  t h e  p re s su re  drop v a r i e d  as expected according t o  
t he  theo ry  of White (16) .  The p re s su re  drop p e r  foot  of packing was 
found t o  be very  n e a r l y  p ropor t iona l  t o  t h e  1 .8  power of t h e  gas flow. 
T a b l e  5. AP, G ,  a.nd L for M o e b i u s  R i n g s  
PRESSURE DROP I N  INCHES WATER PER FOOT AT VARIOUS L 
G Dry W&D 1225 3675 4900 6125 7810 9 3 7 1  10,945 
G = Lb. moles air/hr*/sq.fr. 
L = Lb. moles water/hx./sq.ft. 
0.01 
w I I I I I I l l 1  
20 100 1 I 
Air Flow (Lb.. lHr. -Pt . 2, 
Figure 20. Pressure Drop vs. Air Flow 
The ac tua l  exponents of the  gas flows fo r  various constant water flows 
a r e  presented i n  Table 6. It is seen t ha t  the exponent decreases from 
1.90 t o  1-56 when the  water r a t e  increases from 1225 t o  10945. A s  the 
flooding region is  approached, the  pressure drop increases very rapidly  
with increasing a i r  flows u n t i l  t h e  tower becomes inoperable. Flooding 
occurred when t he  pressure drop was 4.6 inches of water per foot of pack- 
ing a t  a water flow of 10,945 lbs . /hr , / sq . f t .  and an a i r  flow of 390 lbs .  / 
hr ,  /sq. f t ,  For water and a i r  flows of 4900 and 640 lbs./hr./aq. f t . ,  , 
respect ively ,  the  pressure drop was 4.8 inches of water per foot of 
packing. Figure 21 shows a i r  and water flows a t  the flooding region. 
Several corresponding pressure drops a r e  inse r ted  a t  appropriate points  
on the  curve. Figure 22 shows the  re la t ionship  of gas flow t o  water flow 
at constant pressure drops below the  flooding region, It is  r e a l l y  another 
method of presenting the data  of Figure 20; however, it has been included 
hare f o r  the  reader ' s  convenience. 
Although the pressure drops through various packing have been 
studied by many researchers ,  the re  a r e  l i t t l e  data i n  the  l i t e r a t u r e  on 
s tud ies  ca r r i ed  out i n  three-inch diameter columns. Since the  s i z e  of 
the  tower a f f e c t s  the  pressure drop, data  fo r  112-in, Raschig r ings  w i l l  
be d i f fe ren t  i n  a s ix- inch column than i n  a three-inch C O ~ U I H B .  There- 
fore ,  the re  would be l i t t l e  value i n  comparing the  pressure drops across  
the  new packing i n  a three-inch diameter column with pressure drops fo r  
other packing i n  columns of d i f fe ren t  diameters. Nevertheless, it might 
be reasonable t o  assume that the  r e l a t i v e  pressure drops of spec i f i c  
packing8 a r e  the  same i n  any given co luw.  If so, Che pressure drops 
across many packing$ m y  be i nd i r ec t l y  compared t o  the  pressure drops 
Table 6. Exponents f o r  the Rela t ionship  of 
Pressure  Drop vs .  (Gas  low)^ f o r  
t h e  N e w  Packing a t  Constant Liquid 
Rate Below Flooding 
4000 6000 8000 10,000 
Liquid Flow (Lbr./Hr./Sq.Ft.) 
Figure 21. Gas Flow ve. Liquid Flow at Flooding 
I I 1 I I 1 I 1 I I I 
OP = 3.0 - - 
- P = 1.0 - 
@P = 0.7 
a P  = 0 . 5  - 
@P = 0 . 5  
OP = 0.1 





i I I I I 1 1 1 I I I 
1000 2 3 4 5000 6 7 8 9 10,003 11 
Liquid Flow (Lbs. /Hr. -Ft . *) 
Figure 22. Gvr. L at Conrtant &P for New Packing 
ac ros s  t he  new packing. For example, p ressure  drop d a t a  a r e  a v a i l a b l e  
f o r  ceramic 112-in. ,  314-in, ,  and 1 - in ,  Raschig r i n g s ,  Ber l  s add le s ,  
and I n t a l o x  saddles  a l l  measured a t  t he  same cond i t i ons  i n  a 30-in,  
diameter column. T h i s  d a t a  i s  found i n  t h e  U. S o  Stoneware Pub l i ca t ion ,  
Tower Packing (19 ) .  From t h i s  d a t a ,  it i s  poss ib l e  t o  c a l c u l a t e  t h e  
r a t i o s  of t he  p re s su re  drops a c r o s s  any of t h e  packings t o  t he  p re s su re  
drop a c r o s s  t h e  112-in. Raschig r i n g s  i n  t h e  same column. The r e s u l t s  
ob ta ined  by White (16) f o r  a  3- in.  diameter column a l low t h e  ca l cu la -  
t i o n  of t h e  r a t i o s  f o r  p re s su re  drops ac ros s  t he  new packing t o  t h e  
p re s su re  drops f o r  1 /2- in ,  Raschig r i n g s  i n  a 3-in.  column, By d i r e c t l y  
cornparang t h e  proper  r a t i o s  from t h e  30-in.  column with those  from the  
3- in.  column, one may ob ta in  t h e  r e l a t i v e  p re s su re  drop a c r o s s  any 
s tandard  packing t o  t h e  p re s su re  drop a c r o s s  t h e  new packing f o r  the  
same b a s i s  of measurement, The r e s u l t s  of such c a l c u l a t i o n s  f o r  Raschig 
r i n g s ,  Be r l  saddles ,  and I n t a l o x  sadd le s  a r e  shown i n  F igures  23, 24, 
and 25, where t h e  r a t i o s  of t h e  p re s su re  drops of 112-in. ,  314-in. ,  and 
1 - in .  paekings,  r e s p e c t i v e l y ,  t o  t h e  p re s su re  drops of  t h e  new packing 
a r e  p l o t t e d  a g a i n s t  t h e  gas flows a t  s e v e r a l  cons tan t  water flows. For 
dry packing, 112-in.  Raschig r i n g s  show 62 per  cent  h igher  p re s su re  drops,  
112-in.  Be r l  s add le s  32 pe r  cent  p re s su re  drops,  and I n t a l o x  sadd le s  57 
pe r  cent  lower p re s su re  drops,  than  t h e  new packing f o r  gas  flows between 
200 t o  600 lbs . /hr . / sq .  f t .  For t h e  same gas flows but  a t  t h e  cons tan t  
water f lows of 3600 lbs . /hr . -wq. f t . ,  t he  r e l a t i v e  p re s su re  drop of 1 /2 - in ,  
Raachig r i n g s  t o  new packing decreases  from 1.0 t o  0.7. S i m i l a r l y  f o r  
112-in,  Be r l  s add le s  i t  decreases  from 0.35 to 0.18 and f o r  112-in. 
I n t a l o x  sadd le s  from 0.16 t o  0.12. A t  cons tan t  water  flows of 5350, t h e  
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Figure 25. Ratio of Pressure Drop of 1-In. 
Standard Packing to New Packing 
vs. Gas Flow 
r a t i o s  of these  112-in. packings increase slowly a t  f i r s t  then qu i t e  
rapid ly .  The Raschig r i n g s  increase  from 1.0 t o  2.2, the  Berl saddles 
from 0.2 t o  0.4 and the In ta lox  saddles from 0.1 t o  0.3, a l l  i n  t h e  gas 
fl.ow range of 200 t o  500 lbs . /hr . -sq . f t .  The f i g u r e s  showing the r e l a -  
t i v e  pressure drops fo r  314-in, and 1- in ,  packing t o  t h e  new packing, 
ind ica te  t h a t  the  l a r g e r  packing o f f e r s  very much l e s s  r e s i s t ance  t o  
flow. For t h e  previously mentioned flows, t h e  pressure  drops f o r  3/4-in. 
and 1- in .  packings a r e  genera l ly  10 t o  20 times lower than those f o r  
the  new packing. 
Abeorpt ion 
The r a t e  of absorption of  ammonia from an air-ammonia stream by 
a counter current  flow of water was measured f o r  var ious  a i r ,  a m n i a ,  
and water flows. The absorption tower was a 3- in ,  diameter g lass  pipe 
f i l l e d  with two f e e t  of the  s p e c i a l l y  f ab r i ca ted  packing. The ammonia 
r a t e  w a s  about 0.076 mole r a t i o  or 7 per  cent  mole per cent  i n  a i r  
flows of 127, 190, 253, 317, 380, 443, 537, 570 and 633 lbs . /hr . -sq . f t ,  
The water flows were 1558, 3116, 4674 and 6232 lbs. /hr .-sq.f t .  The 
a c t u a l  absorpt ion  r a t e s  were ca lcu la ted  from the quant i ty  of ammonia 
found i n  the  water e f f l u e n t .  The values  of KGa ,  t h e  o v e r a l l  absorpt ion  
c o e f f i c i e n t  based on t h e  gas phase, HOG, the  overal l  height  of one t r a n s -  
f e r  u n i t ,  and NOG the  number of o v e r a l l  t r a n s f e r  u n i t s  were then de te r -  
mined f o r  each combination of gas and water flow. These r e s u l t s  a r e  
tabula ted  i n  Table 7. Figure 26 shows t h e  re l a t ionsh ip  between NOG and 
a i r  r a t e  f o r  constant  water r a t e s ,  Xc can be seen t h a t  the  number of 
t r a n s f e r  u n i t s  f o r  t h i s  column decreased with increased gas flow and 
increased with increased water flow f o r  r a t e s  below the f looding region.  
Table 7. NOG, HOG? KGB, for Moebius Rings 
for Various Gas and Water Rates 
L i q u i d  Gas  
Table 7 .   NO^, HOG, K G ~ ,  for Moebius Rings 
for Various Gas and Water Rates 
(Cont inued) 
L i q u i d  
L = Lbs. water/hr.-sq. ft. 
G = Lba.  gas/hr.-sq.ft. 
NOG= No. of transfer unit 
HOG= Height of transfer unit (ft .) 
KG"= Lb. moles/hr./cu.ft./atm. 
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Figure 2 6 .  Number of Tranefer Unite va.  Gas Flow 
A t  a i r  r a t e s  of 200 lbs . /hr . - sq . f t ,  and water r a t e s  o f  6232, 4674, 3116 
and 1558, l b s . / h r , - sq . f t . ,  NOG equa l l ed  about 0.60, 0.47, 0.39 and 0.34, 
r e s p e c t i v e l y ,  For a n  a i r  flow of 400, and the  same water r a t e s ,  t h e  
NOG8s were about 0.53, 0.43, 0.31 and 0.23 t r a n s f e r  u n i t s ,  r e spec t ive ly .  
I n  F igure  27, we s e e  t h e  r e l a t i o n s h i p  of HOG and gas flow a t  cons tan t  
water flows. For a water r a t e  of 1558 lbs . /hr . - sq . f t . ,  HOG inc reases  
from 0.48 t o  0.95 f e e t  i n  t h e  a i r  flow range of 127 t o  570 l b s . / h r . -  
sq . f t .  A t  a water  r a t e  of 3116, HOG inc reases  from 0.40 t o  a maximum 
of 0,66 f e e t  between t h e  a i r  r a t e s  of 127 and 480. S imi l a r ly ,  f o r  t he  
water r a t e  of 4674 and an  a i r  r a t e  of 127, HOG was found t o  be 0.36. 
For t h e  same water  r a t e  but  w i th  a n  a i r  r a t e  of  350, HOG increased  t o  
0.46, but  a t  an  a i r  r a t e  of 633, HOG had dropped back t o  0.37, A t  t h e  
water r a t e  of 6232 lb s . / h r . - sq . f t . ,  t h e  maximum HOG of 0.37 was ob- 
t a i n e d  a t  about 400 lb s .  a i r / h r . - s q , f t ,  while  a t  127, and 633 lb s .  a i r /  
hr.-sq. f t .  HOG was 0.32 and 0.30, r e spec t ive ly .  The va lues  of HOG 
reach  a maximum at t h e  f looding  r eg ion  then  decrease presumably because 
t h e  inc reased  turbulence  enhances absorp t ion .  The d i r e c t  comparison of 
some %G va lues  f o r  s e v e r a l  o the r  packings is shown i n  F igures  28 and 29. 
I n  F igure  28 H ve r sus  gas  flow i s  p l o t t e d  f o r  318-in. Raschig r i n g s ,  
OG 
112-in.  Raschig r i n g s ,  112-in. Be r l  s add le s ,  1 - in .  Raschig r i n g s  and 
1- in .  Be r l  saddles .  The water flow was cons tan t  a t  1500 lb s . / h r . - sq ,  
f t .  These d a t a  ware r epo r t ed  by F e l l i n g e r  (20) who used a n  18-in.  
column and an  ammonia concent ra t ion  of 2  mole per  cent .  The HOG va lues  
f o r  t h e  new packing were p l o t t e d  on t h i s  f i g u r e  f o r  t he  water  flow of 
1558 lbs . /hr . sq ,  f t , ,  t h e  c l o s e s t  r e s u l t s  a v a i l a b l e  f o r  comparison. 
0 L = 1558 
0 L = 3116 
L = 4 6 7 4  
L = 6232 
/ Flood Point 




Gas Flow (Lbe./Hr.Sq.Ft,) 
Figure 2 7 .  Height of Overall Transfer Unit vs. Gas Flow 
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Figure 28. Height of Overall Trans fe r  U n i t  f o r  Various Packing 
vs. Gas Flow 
These water flows a r e  c e r t a i n l y  c l o s e  enough t o  a l low d i r e c t  comparison 
of t h e  H O G 1 s e  The new packing shows t h e  same gene ra l  t r end  of H versus  
OG 
gas  flow as does t h e  318-in. Raschig r ing .  That is,  t h e  HOG f o r  t h e  new 
packing inc reases  a t  a c e r t a i n  r a t e ,  reaches a maximum and then f a l l s  
sha rp ly ,  i n  t h e  same manner as f o r  t h e  318" Raschig r i n g .  The new 
packing, however, shows t h e  HOG v a l u e s  t o  be about 20 per  cent  lower 
t han  the  r ings .  The maximum H is 0.95 f e e t  a t  570 l b s .  a i r / h r . s q . f t .  
OG 
while  f o r  t h e  318-in. r i n g s ,  t h e  maximum HOG is 1.1 a t  about 500 l b s .  
a i r / h r . - s q , f t .  The HOG1s f o r  112-in.  Ber l  saddles  a r e  on t h e  average 
about 2 per  cen t  h igher  t han  f o r  t h e  new packing. Therefore ,  t h e  new 
packing m y  be considered t o  be as e f f i c i e n t  a s  112-in.  Be r l  s add le s  
except t h a t  f o r  t h e  sadd le s ,  f looding  occurs  at  about 700 lb s .  a i r / h r . -  
sq. f t .  Thus, t h e  'new packing is 20 per  cent  more e f f i c i e n t  t han  318-in. 
Raschig r i n g s  and equal  t o  112-in. Be r l  s add le s  a t  water flows of 1500 
lbs . /hr . - sq . f t .  The e f f i c i e n c y  of one-inch Ber l  s add le s ,  one-inch 
Raschig r i n g s ,  and 112-in.  Raschig r i n g s  l i e  between those  of 318-in. 
Raschig r i n g s  and 112-in Be r l  saddles .  
I n  F igure  29, P e l l i n g e r ' s  (20) d a t a  f o r  318-in. Raschig r i n g s ,  
112-in. Raschig r i n g s ,  112-in.  Ber l  s add le s ,  1 - in .  Raschig r i n g s ,  and 
1- in .  Be r l  s add le s  were p l o t t e d  t o  show H ve r sus  gas  flow a t  a con- 
OG 
s t a n t  water flow of 4500 lb s . / h r . - sq . f t .  The HOG1s of I n t a l o x  sadd le s  
were a v a i l a b l e  only  f o r  a water flow of 4000 lb s .  water /hr , - sq . f t .  and 
f o r  t h e  1 - in .  s i z e  (26) -  The c l o s e s t  a v a i l a b l e  da t a  f o r  t he  new packing 
was a t  a water flow of 4674 lb s . / h r . - sq . f t .  Below t h e  f looding  reg ion  
t h e  new packing is  about 80 t o  90 pe r  cen t  more e f f i c i e n t  than  318-in. 
Raschig r i n g s ,  It is  a l s o  more e f f i c i e n t  than  112-in.  Raschig r i n g s ,  
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Figure 29. Height of Overall Transfer Unit for Various Packing 
v s .  Gas Flow 
1/2-in. Berl saddles, 1-in. Raschig rings, and 1-in. Berl saddles by 
about 60-65 per cent, 20-25 per cent, 20-25 per cent and 15-20 per cent, 
respectively. The figure also shows the new packing to be about 5 to 
10 per cent more efficient than 1-in, Intalox saddles. It must be 
remembered, however, that the liquid rate is different in this case. 
For a liquid flow of 4500 lbs./hr.-sq.ft., one might estimate that 1-in. 
Intalox saddles and the new packing are comparable. 
Figure 30 shows the relationship of the KGa1s with gas flow for 
the new packing at constant water flows of 1558, 3116, 4674 and 6232 
lbs./hr.-sq.ft, The KGals are proportional to the 0.43, 0.57, 0.78, and 
0.79 powers of the air flow at these water flows, respectively. Above 
400 lbs. airlhr. sq.ft., the KGa increase much more rapidly. Thus, at 
200 lbs. air/hr. sq.ft., the KGals are 11.5, 14.0, 17.5, and 21.0 lbs. 
rnoles/hr. cu.ft.atm,, at 1558, 3116, 4674, and 6232 lbs. water/hr.sq.ft,, 
respectively. At 500 lbs. air/hr.sq.ft. and for the same order of water 
flows the KGals are 18.5, 25.5, 37.5, and 4 6 , 3  lbs. moles/hr.cu.ft,atm. 
Again for the same order of water flows, but at 600 lbs. air/hr.sq,ft., 
the KGats sharply increase to 22.0, 31.2, 48.4, and 59.3 lbs. moleslhr. 
cu. ft .atm., respectively. 
Figure 31 compares the KGa% at 1500 lbs, water/hr.sq.ft. as 
reported by Fellinger (20) for 318-in. Raschig rings, and 1-in. Berl 
saddles with the KGa's for the new packing at 1558 lbs. water/hr.sq.ft. 
Except for air flows above 600 lbs./hr.-sgft., the KGaCs for all these 
packings lie within a spread of 20 per cent, Therefore, the efficiencies 
of these packings are about equal at 1500 lbs. water/hr.-sq.ft. Since 
Gas Flow (Lbs. /Hr . - ~ t .  2, 
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Figure 31. KGa for Various Packing vs. Gas Flow 
t he  surface  a r e a  of the  new packing, PO4 s q , f t , / c n , f t , ,  i s  the  lowest of  
the  compared packings, the e f f e c t i v e  wett ing of the new packing must be 
the  h i  ghes to  
Figure 32 is  same a s  Figure 31 exeept t h a t  the water flow i s  
4500 lbs , /hr . -sq , f t ,  f o r  a l l  paekfngs except the  new one, I n  t h f s  case,  
the  water flow is  4674 Ibs . /hr , -sq , f t ,  The values f o r  ~ ~ a ' s  a r e  bunched 
in t h ree  groups, The new packing i s  i n  one group by i t s e l f ,  l / 2 - in ,  
Berl  saddles,  l-in. Berl saddles and l - in ,  RaschPg r ings  make up the  
second group, while 3/8-in, and 1/2-in, Raschfg r ings  make up the  t h i r d ,  
The second and th f rd  groups .s,&w values  of %a & h u g  22 per  c e n t  and 39 
per  cent ,  respect ive ly ,  less than those of the  new paebfng, For the 
higher water  r a t e  the  new packing i s  evident ly  more e f f i c i e n t  than the  
eompared packing&, These da ta  i n d i c a t e  again the  higher e f fec t iveness  
of wet t ing  of the  new packing, 
Generally, the  r e s u l t s  f o r  the  new packing show r e l a t i v e l y  good 
absorption,  The pressure drops, however, present  an i n t e r e s t i n g  r e s u l t ,  
The pressure  drop across a bed of non-irr igated packing of Moebius r ings  
shows an excel lent  c o r r e l a t i o n  with t h e  Carmen equation a s  shown i n  
Appendix 11. When the  bed i s  i r r i g a t e d  with water,  t he  pressure  drops 
a t  Pfqufd flows above about 6000 lbs , /hr , -sq , f t . ,  follow the  r e s u l t s  
expected according t o  the  eorrec t fon f a c t o r s  of Shemood and Pfgford 
presented i n  Appendix 11, For lower l i q u i d  r a t e s  the  pressure  drops a r e  
much higher than expee ted ,  
I n  an attempt t o  explain t h f s  phenomenon the  s t a t i c  and operat ing 
holdups were determined, The da ta  a r e  presented i n  Appendfees 9 and PO, 
Although the  operatfng holdup followed t h e  r e l a t i o n s h i p  es tabl i shed f o r  
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Figure 32. KGa for Various Packing v s .  Gas Flow 
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other  packfngs, the  s t a t i c  holdup d i d  not (30, 3PI0  The s t a t i c  holdup 
of 0,0633 eu,ft, wate r / cu , f t ,  tower, was approximately double t h a t  
reported f o r  Rasshfg r ings  or Berl  saddles,  
These high pressure  drops f o r  low l iqu id  r a t e s  might be explained 
a s  follows: The high s t a t i c  holdup evident ly  blocks the small i n t e r n a l  
spaees of the  moebius r i n g s ,  A l l  the  l i q u i d  r a t e s  measured f a l l  i n  the 
t r a n s i  t fon  regfon, A t  the  Power r a t e s  the  blockage i s  high, A t  t he  
higher l i q u i d  r a t e s  l i q u i d  turbulence helps t o  open up some of these  
"dead spaees." Consequently, these  spaces become a v a i l a b l e  t o  gas 
f low,  The pressure  drop then becomes more dependent on the operat ing 
Roldup and follows more near ly  the  expected r e s u l t ,  
Accuracy s f  Resul ts  
The pressure  drop measurements were reproducible t o  0,Ol u n i t s ,  
With the  water manometer t h e  u n i t s  were inches of water and with the  
mercury manometer t h e  u n i t s  were i n  inches of mercury, The e r r o r  i n  
pressure drop across  the  packing is  therefore  as high a s  20 per  c e n t  
a t  the  lowest pressure  drop and deereases t o  a low of 0,s per cent  f o r  
the  high pressure  drops,  
The accuracy of the  number of t r a n s f e r  u n f t s ,  the height  per  
o v e r a l l  t r a n s f e r  unf t and the  absorption coef f i c f  e n t s ,  depends primarf l y  
upon the  measurement of the  concentra t ion  of the  water e f f l u e n t ,  This 
maximum dev ia t ion  of t h i s  measurement w a s  found t o  be 5 per cen t ,  By 
d i f f e r e n t i a t i n g  t h e  absorpt ion  equation the  maximum e r r o r  of Nee, the  
number of t r a n s f e r  un i t s ,  was found t o  be 10 per cent, Similar ly ,  HOG, 
t he  he ight  of o v e r a l l  t r a n s f e r  un i t ,  and Kca the absorpt ion  c o e f f i c i e n t ,  
showed maximum e r r o r s  of 10 per  cen t ,  
CHAPTER V 
CONCLUSIONS 
An at tempt  was made t o  f a b r i c a t e  a new type of packing wi th  t h e  
shape of a moebius r i n g .  The r i n g  had t h e  dimension 112-in.  h igh ,  
112-in.  e f f e c t i v e  diameter and 3142-in. wal l  th ickness .  The usefu lness  
of  t h i e  r i n g  as a packing was determined by packing a 3- in .  column 
with t h e  r i n g s ,  measuring t h e  pressure drop at several a i r  and water 
f lows,  and eva lua t ing  t h e  e f f i c i e n c y  of t h e  packing when used i n  an 
air-ammonia-water abso rp t ion  column. From t h e  r e s u l t s  of t h e  evalua-  
t i o n s  t h e  fol lowing conclusions were drawn. 
A packing wi th  a shape s i m i l a r  t o  a moebius r i n g  can be mass 
produced by t h e  Ram process  o r  by p re s s ing  techniques s i m i l a r  t o  t hose  
app l i ed  to the  f a b r i c a t i o n  of Ber l  o r  I n t a l o x  saddles .  
A tower packed with 112-in.  moebius r i n g s  contained 9000 r i n g s  
per  cubic  f o o t ,  had a s u r f a c e  a rea  of 104 square f e e t  per  cubic  foot  
and a void  space of 63 per  c e n t .  
FOP t h i s  tower t h e  f looding  r eg ion  occurred at  a p re s su re  drop 
from 4.6 t o  4 , 8  inches of water per  f o o t  of packing. Over t h i s  range 
t h e  water  flow v a r i e d  from 10,945 t o  4,900 pounds pe r  hour per  square 
f o o t ,  and t h e  a i r  flow v a r i e d  from 380 t o  610 pounds per  hour per  
square  f o o t ,  The pres su re  drop at f looding  was about 34 per  cent  
h igher  than  ac ros s  a tower packed wi th  112-in. ceramic Raschig r i n g s .  
Below t h e  f looding  regi.on t h e  p re s su re  drop a c r o s s  moebius r i n g s  w a s  
propor t iona l  t o  t h e  1.9 power of t h e  gas flow. The p r o p o r t i o n a l i t y  
decreased t o  t he  1 .6  power of t he  gas flow a s  t h e  cons tan t  water flow 
parameter increased  from 1225 t o  10,945 l b s . / h r . - s q . f t .  
When ope ra t ing  a t  water r a t e s  from 3600 t o  5350 l b s . / h r . - s q . f t .  
and a t  a i r  r a t e s  from 200 t o  500 l b s . / h r . - s q . f r . ,  t h e  pressure  drop 
a c r o s s  the  rroebius packing w a s  25 pe r  cent  more t o  45 per  cent  l e s s ,  
12 t o  17 per  cent  more, and 11 t o  14 per  cent  more than  ac ros s  a 
tower packed wi th  112-in.  ceramic Raschig r i n g s ,  Be r l  saddles  and 
I n t a l o x  sadd le s ,  r e s p e c t i v e l y .  
For a column packed wi th  3 /4 - in ,  o r  1 - i n .  Raschig r i n g s ,  Ber l  
s add le s ,  o r  I n t a l o x  sadd le s ,  t he  p re s su re  drop was 10 t o  20 t imes lower 
than  for t he  column packed wi th  112-in,  moebius r i n g s .  
When used a s  a packing i n  t h e  absorp t ion  of ammonia from a i r  
w i th  water t h e  he ight  of t h e  o v e r a l l  t r a n s f e r  u n i t ,  HOG, f o r  t h e  
moebius r i n g s  decreased wi th  increased  water r a t i o ,  and increased  
s lowly wi th  increased  gas  flow up t o  t h e  f looding  reg ion .  Above f lood-  
ing ,  HOG r a p i d l y  decreased.  
Below t h e  f looding  reg ion  and a t  ],ow water  r a t e s ,  Ber l  s add le s ,  
Raschig r i n g s  and I n t a l o x  sadd le s  ranging i n  s i z e  from 318-in. t o  1 - in .  
gave HOG va lues  which were only s l i g h t l y  h igher  than  t h e  HOGDs of 
moebius rings. A t  h igher  water  flows the  H O C 1 s  of t h e  s tandard  packings 
were a s  m c h  as 85 pe r  cent  h igher  t han  t h e  Hoe's of moebius r i ngs .  
A t  cons tan t  water flows t h e  K a %  fox rmsebius r i n g s  were propor- 
G 
t i o n a l  t o  a c e r t a i n  power of t h e  a i r  flow. Th i s  power increased  from 
0.43 t o  0.79 a s  t he  water  flow parameter increased  from 1558 t o  6232 
~ b s .  jhr,,-.qefto ~h~ - q s  of the  standard 112-113, packing and the  
moebfus r i n g  were equal within  a 10 per cen t  v a r i a t i o n  far the  Pow 
water fPerws. POP a water flaw of 4500 lbs, /hr ,-sq,f t . ,  t h e  %a's of 
lrhe standard 1/2-in, packing were 20 t o  40 per  cen t  Power than the  
KGaqs of t h e  moebfus r ings ,  
Although the  absorption coef f i c ien t s  for moebius ~Sngs were 
equal t o  or batter than the Qa9s of the inves t igated  standard packfng, 
the  pressure  drops across  t h e  paekfng a t  Bow l iqu id  r a t e s  were can- 
s fderably  hfgher than antiehpated,  The 8mlP i n t e r n a l  spaces of the  
P/2-in, moebiua rf ng apparently become blocked at 'Low l i q u i d  flows. 
This cuts down on t h e  space avafPabPe for gas flow, thus c r e a t i n g  high 
pressure drops 
CHAPTER VI 
Since a p r a c t i c a l  method of f a b r i c a t i n g  moebius r i n g s  has been 
e s t a b l i s h e d ,  any number o r  s i z e  of r i n g s  m y  be simply and quick ly  pro- 
duced. It i s  suggested t h e r e f o r e  t h a t  t h e  l j 2 - i n .  moebius r i n g s  be 
eva lua ted  when used as a packing i n  a c o l u m  of 20 inches i n  diameter 
o r  l a r g e r .  Such an evaluat ioi l  would be more meaningful t o  i ndus t ry  
s i n c e  3 - in .  diameter columns a r e  seldom used. Far  t h e  same reason ,  
one should a l s o  cons ider  t h e  eva lua t ion  of moebius r i n g s  wi th  he ight  
and diameter as l a r g e  a s  two inches.  
To f u r t h e r  determine the  e f f e c t  of t he  phys i ca l  dimensions of 
t h e  moebius r i n g  on i t s  v a l u e  a s  a packing, r i n g s  could be f a b r i c a t e d  
such t h a t  t he  r a t i o s  of e f f e c t i v e  diameter t o  height were l a r g e r  than  
one to one. A r i n g  wi th  a r a t i o  of t h r e e  t o  one, f o r  example, might 
e x h i b i t  a ve ry  open s t r u c t u r e  t h a t  could not support  app rec i ab le  
l i q u i d  holdup. The r e s u l t  could produce t h e  d e s i r a b l e  low p res su re  
drops a c r o s s  such packing. 
I f  f u r t h e r  experiments a r e  c a r r i e d  out with any new packing, 
i t  would be very  advantageous t o  c a r r y  out t h e  same experiments on 
a thoroughly i n v e s t i g a t e d  s tandard  packing. T h i s  would a l low one t o  
compare a l l  r e s u l t s  d i r e c t l y .  
One might a l s o  c o r r e c t  f o r  end e f f e c t s  i n  t h e  column by ca r ry -  
ing  out  a l l  experiments at s e v e r a l  packing he igh t s .  The r e s u l t s  could 
t h e n  be extrapolated t o  zero h e i g h t  t o  determine the  correct ion 
factor 
A P P E N D I X  
APPENDIX I 
CAPACITY OF PACKED TOWERS 
Consider t h e  s t eady  s t a t e  ope ra t ion  of a  countercur ren t  gas- 
l i q u i d  abso rp t ion  tower. The gas phase c o n s i s t s  of two components: 
an  i n e r t  gas which conta ins  a  concen t r a t ion  of s o l u t e  gas .  This  con- 
c e n t r a t i o n  may be expressed i n  terms of moles of s o l u t e  gas  pe r  mole 
of i n e r t  gas.  The l i q u i d  phase a l s o  c o n s i s t s  of two components: a  
l i q u i d  so lven t  i n  which i s  d i s so lved  a concen t r a t ion  of t h e  s o l u t e  
gas .  I n  t h i s  case  t h e  concen t r a t ion  may be expressed i n  terms of 
moles of s o l u t e  gas  per  mole of s o l u t e  f r e e  l i q u i d .  
The Liquid phase i s  in t roduced  a t  t h e  t o p  of t h e  tower,  flows 
down through it and escapes a t  t h e  bottom, while  t h e  gas phase i s  
in t roduced  a t  t h e  bottom, r i s e s  through the column and escapes from 
the t o p .  
Let us  def ine  t h e  fol lowing terms: 
N = r a t e  of mass t r a n s f e r  through u n i t  a r e a  of i n t e r f a c e .  
(lb.moles/hr.-sq.ft .)  
kg = gas - f i lm  c o e f f i c i e n t .  (1b.molesjhr.-sq.ft.-atm.) 
P = p a r t i a l  p re s su re  of d i s so lved  gas i n  gas  phase. (atm.) 
g  
Pi = p a r t i a l  p re s su re  of d i sso lved  gas a t  i n t e r f a c e .  (atm.) 
P, = p a r t i a l  p re s su re  of s o l u t e  over a  s o l u t i o n  wi th  t h e  
composition of t h e  main l i q u i d  stream. (atrn) 
KG = o v e r a l l  c o e f f i c i e n t .  (Ib.,moles/hr.-sq.ft.-atm.) 
Z = t o t a l  he ight  of packed s e c t i o n  of tower. ( f t . )  
S  = c ros s - sec t iona l  a r e a  of tower. ( s q . f t . )  
a  = i n t e r f a c i a l  a r e a  per  u n i t  volume of the column. ( s q . f t . 1  
cu . f t . )  
G = moles of i n e r t  gas per  u n i t  t ime per  unit c ros s  s e c t i o n  of 
tower. ( l b .mo les /h r . - sq , f t , )  
L = moles of s o l u t e - f r e e  l i q u o r  per  u n i t  t ime per  u n i t  c r o s s  
s e c t i o n  of tower. ( l b .mo les /h r . - sq - f t , )  
X = concen t r a t ion  of s o l u t e  gas  i n  l i q u i d  phase. (Moles of 
s o l u t e  gas per  mole of s o l u t e - f r e e  l i q u i d )  
Y = concent ra t ion  of s o l u t e  gas i.n gas phase. (Moles of s o l u t e  
gas per  mole of i n e r t  gas)  
Subsc r ip t s  B and T des igna te  cond i t i ons  a t  bottom and top  of 
tower, r e s p e c t i v e l y .  
Therefore ,  
de f ines  t he  r a t e  of t r a n s f e r  of m a t e r i a l  through t h e  gas f i l m .  This 
equat ion ,  however, i s  not  ve ry  p r a c t i c a l  s i n c e  n e i t h e r  kg nor Pi may 
be e a s i l y  determined. It is,  t h e r e f o r e ,  advantageous t o  u s e  an over- 
a l l  c o e f f i c i e n t  KG which i s  def ined  by t h e  equat.ion: 
I f  the  gas is  very so lub le ,  then the  r e s i s t a n c e  t o  mass t r a n s f e r  is  pre-  
dominantly i n  the  gas f i lm. In t h i s  case the  l iqu id  f i lm contr ibutes  
very l i t t l e  t o  the  o v e r a l l  r e s i s t ance .  Therefore, one may use the  above 
equation t o  determine t r a n s f e r  of mater ia l  from the  gas phase t o  t h e  
l i q u i d  phase. 
Consider any plane a t  which the  mole r a t i o s  of so lu te  i n  the  
gas and l i q u i d  phases a r e  Y and X .  Over a small height  dZ, t h e  moles 
taken up by the  l i q u i d  w i l l  equal the  moles leaving the  gas. The 
change of concentrat ions over the  height  dZ w i l l  be dY and dX i n  t h e  
gas and l i q u i d  phases, r e spec t ive ly .  Therefore, 
SGdY = SLdX 
and the  t o t a l  i n t e r f a c i a l  a r e a  f o r  t r a n s f e r  i n  t h e  height  dZ of a  
column i s  a SdZ. Multiplying both s i d e s  s f  the  r a t e  equation,  
by a SdZ, one obta ins  
NaSdZ = KG(Pg- P,) aSdZ 
Ei the r  s i d e  of the  equation expresses t h e  t o t a l  mass t r a n s f e r  over a 
height  dZ. The moles of  s o l u t e  leaving the  gas  phaseare, however, equal 
t o  the  t o t a l  mass t r a n s f e r .  Therefore,  
SGdY = NaSdZ = KG(Pg-Pe) aSdZ 
and, 
Since the  term a is  not  known, i t  i s  conveniene t o  combine the o v e r a l l  
coef f i c ien t  KG with t h i s  term. The product K G a  is  then determined 
experimentally as one coeff ic ient .  Further,  s ince  
and, 
where P i s  the t o t a l  average pressure of the  gas phase, i n  atmospheres 
therefore ,  
If we  introduce a fac tor  @ (25) such t h a t ,  
and, 
then ,  
The t o t a l  he ight  of t he  tower then  becomes, 
i f  t h e  gas  f i l m  o f f e r s  e s s e n t i a l l y  a11 t h e  r e s i s t a n c e  t o  mass d i f f u '  
e ion .  Although the  value of 0 may change s l i g h t l y  over t h e  column, an 
average va lue  w i l l  g ene ra l ly  be s u f f i c i e n t l y  accu ra t e .  It i s ,  t he re -  
f o r e ,  considered t o  be a  cons tan t  i.n t h e  i n t e g r a t e d  equat ion.  To so lve  
t h e  r i g h t  hand s i d e  of above equat ion ,  one must ue;,ually r e l y  upon 
g raph ica l  i n t e g r a t i o n .  The va lues  of P m y  be determined from a m a t e r i a l  
balance on the  s o l u t e  from t h e  bottom, o r  t op ,  of t h e  column t o  any 
plane where t h e  mole r a t i o s  are Y and X .  Thus, 
The va lues  of Ye are obta ined  from t h e  equ i l i b r ium r e l a t i o n s h i p  of t h e  
gas phase i n  equ i l i b r ium wi th  the  l i q u i d  phase. I f  t h i s  equ i l i b r ium 
r e l a t i o n s h i p  of Ye versus  Xe i s  n e a r l y  a  s t r a i g h t  l i n e  then  one may 
i n t e g r a t e  t h e  above equat ion  by means of the log mean average. There- 
f o r e ,  
It is  convenient t o  express  t h e  he ight  of t h e  column as the  product of 
t h e  number of o v e r a l l  gas  t r a n s f e r  u n i t s ,  NOG, and the  he ight  of one 
t r a n s f e r  u n i t  HOG. Thus, 
where 
and, 
NOG is t h e  i n t e g r a t e d  va lue  of t h e  change i n  composition per  u n i t  
d r iv ing  f o r c e ,  and, t h e r e f o r e ,  r e p r e s e n t s  t h e  d i f f i c u l t y  of the  sepa- 
r a t i o n ,  
APPENDIX 2 
I n  t h i s  appendix a r e  presented  curves showing t h e  c a l i b r a t i o n  
of t h e  va r ious  fbora toas  used i n  t h i s  work. F igure  33 shows t h e  c a l i -  
b r a t i o n  of t h e  f l o r a t o r  f o r  ammonia flow. F igures  34, 35, and 36 
show t h e  c a l i b r a t i o n  of t h e  f l o r a t o r s  used t o  determine a i r  r a t e s ,  
water flow f o r  p re s su re  drop measurements, and water flow f o r  absorp- 
t i o n  measurements, r e spec t ive ly .  
Florator Setting 
Figure 33.  Calibration of Florator Ueed to  S e t  Ammonia Flow 
At Florator 
P = 29.4 p s i a  
T = 8 8 " ~ .  
Per Cent of Scale 
Figure 3 4 .  Calibration of Florator Used to Set A i r  Flow 
1 2 3 4 5 h 7 8 9 10 
Rotameter Setting 
Figure 35. Calibration of Rotameter Used to Set Water Flow 
Rate for Pressure Drop Meaeurements 
Rotameter Setting 
Figure 36. Calibration of Rotameter Uaed to Set Water Flow 
Rates for Absorption Measurements 
APPENDIX 3 
PRESSURE DROP DATA 
Table 8 .  Pressure  Drop Across Air-Water Column 
Water f low = zero;  no packing in column. 
A i r  Flow P R E S S U R E  D R O P  
Lbs . /hr . sq . f t .  S e r i e s  1 S e r i e s  2 S e r i e s  3 S e r i e s  4 Average 










Table 9. Pressure Drop Across Air-Water Column 
Water flow = zero ;  dry  packing 4 .5  f e e t .  
A i r  Flow P R E S S U R E  D R O P  
Lbs . /h r , sq . f t .  S e r i e s  1 S e r i e s  2 S e r i e s  3 S e r i e s  4 Average 









Table 10. Pressure  Drop Across Air-Water Column 
Water flow = zero ;  4 .5  f e e t  packing; wet and dra ined .  
A i r  Flow P R E S S U R E  D R O P  
L b s + / h r . s q . f t .  S e r i e s  1 S e r i e s  2 S e r i e s  3 S e r i e s  4 Average 
2 .59  2.60 in. water 
5 - 5 8  5.58 
9 .61  9.60 
14.75 14.75 
B . 53  1.53 i n .  Hg. 
2.06 2 . 0 6  
2.65 2 . 6 5  
3.28 3.29 
4.06 4.05 
Table 11. Pressure  Drop Across Air-Water Column 
Water flow = 1225 a b s . / h r . s q . f t . ;  4.5 f e e t  packing. 
A i . r  Flow P R E S S U R E  D R O P  
Lbs . /h+ . sq . f t .  S e r i e s  1 S e r i e s  2 S e r i e s  3 S e r i e s  4 Average 










Table 12. Pressure Drop Across Air-Water Column 
Water flow = 3675 1bs.lhr.sq.ft.; 4.5 feet packing.  
Air Flow P R E S S U R E  D R O P  
Lbs./hr.sq.ft. Series 1 Series 2 Series 3 Series 4 Average 










Table 13. Pressure Drop Across Air-Water Column 
Water flow = 4900 lbs./hr.sq.ft.; 4.5 feet packing.  
Air Flow P R E S S U R E  D R O P  
Lbs./hr.sq.ft. Series 1 Series 2 Series 3 Series 4 Average 
0.76 0.77 i n .  water 
2.84 2.84 
6.05 6.05 
10. .53 10.53 
16.23 16.23 




Table 1 4 ,  Pressure Drop Across Air-Water Column 
Water flow = 6125 Ibs./hr.sq.ft.; 4.5 feet packing. 
Air Flow P R E S S U R E  D R O P  
Lbs./hr,sq.ft. Series 1 Series 2 Series 3 Series 4 Average 





1 . 7 3  in. Hg. 
2 . 3 3  
3.44 
Table 15. Pressure Drop Across Air-Water Column 
Water flow = 7810 Ibs. /hr.sq. ft. 
Air Flow P R E S S U R E  D R O P  
Lbs./hr.sq.ft. Series 1 Series 2 Series 3 Series 4 Average 





1.82 in. Hg. 
2.48 
Table 16. Pressure Drop Across Air-Water Column 
Water flow = 9371 Ibs./hr.sq.ft. 
Air Flow P R E S S U R E  D R O P  
Lbs./hr.aq.ft. Series 1 Series 2 Series 3 Seri.es 4 Average 
0.96 0.97 0.96 in. water 
3.36 3 . 3 6  3.36 
6.93 6.93 6.93 
11.93 11.93 11.92 
18.11 18.12 18 12 
1.94 1.93 1.93 in. Hg. 
2.88 2.88 2.88 
Table 17. Pressure Drop Across Air-Water Column 
Water £ 1 . 0 ~  = 10,945 lbs./hr.sq.ft. 
Air Flow P R E S S U R E  D R O P  
Lbs./hr.sq.ft. Series 1 Series 2 Series 3 Series 4 Average 
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Solu t ions  
The sodium hydroxide s o l u t i o n  was p r e p a r e d  by d i s so lv ing  sod ium 
hydroxide i n  water .  To s t anda rd ize ,  t he  s o l u t i o n  was t i t r a t e d  aga ins t  




M 1 .  of Sodium 
Hydrox i d e  
Solur ion  
Normality of 
NaOH 
So lu t ion  
The average concent ra t ion  was 0.4882 N NaOH.  
The hydrochlor ic  a c i d  s o l u t i o n  was prepared and t i r r a t e d  aga ins t  
t h e  s tandard  NaOH s o l u t i o n .  
MI. HC1 M 1 .  of NaOH Normality of 
Solu t ion  - Solu t ion  KC1 Solu t ion  
T b e  average concent ra t ion  was 0.58Oi) N l1EL.  
Column Diameter 
The i n s i d e  diameter was 3.0 i n .  The c ros s - sec t ion  area was c a l -  
cu l a t ed  t o  be 0.0491 sq.  ft 
APPENDIX 6 
CALCULATION OF PRESSURE DROP 
The pressure  drop per  foot  of packing was determined by sub- 
t r a c t i n g  the  p re s su re  drop through the  empty c o l u w  from the  pressure  
drop through t h e  packed c o l u m  f o r  any s p e c i f i e d  a i r  flow. Th i s  r e s u l t  
was then  d iv ided  by t h e  he ight  of t h e  packing. 
Th i s  c o r r e c t i o n  was deemed necessary  s ince  the support  and 
d i s t r i b u t i o n  p l a t e s  i n  t h e  column presented  a l a r g e  pressure  drop. 
Table 18 shows a sample s e t  of c a i c u l a t i o n s ,  
Table 18. Calcu la t ion  of Pressure  Drop per  Foot of Packing 
Ap 
A i r  Flow Empty AP a t  1225 T o t a l  A P  AP/Ft  . 
Ebs  . /hr . s q .  ft . Colum Lbs .Waterbr.sq.ft. Inches Water Inches ~ a t e r / F t .  
APPENDIX 7 
ABSORPTION CALCULATIONS 
The molecular weight of ammonia is 17.032 lbs./mole, 
The molecular weight of water is 18.016 lbs./mole. 
The weight flow divided by the respective molecular weight and 
cross section area gives the molar flow rate per sq. ft. 
0.277 lbs. aanmonia/hr. ]I 
= 0.331 lb .moles ammonia 
17.032 lbs~/lb.mole 0.0491 sq.ft. hr.-sq. ft. 
The molarity of the water effluent was calculated by the equation: 
molarit (ml . HC1) (normality HC1) =(ml .NaOH,) (normality NaOH)+(ml .effluent) (eff lUen{) 
100 (0,5800) =9 7.77 (0.4882)+50(normality effluent) 
Molarity = 0.2054 moles ~~&0H/Litar 
The molorfty 1s converted to the mole ratio, mole ammonia per mole 
water as follows: 
Molaaity Molecular weight water 
1000 Density of water a £  Eluent 
- gm.rnoles liter 18.016gms. ml. 
1000 ml. gm. mole X -  Liter gmss . 
- 0.2054 18.016 = 0.00372 moles NH3 
1000 0.99498 mole water 
The number of transfer units were calculated from the equation 
where NOG = total number of overall gas transfer units. 
Y1 = moles ammonia per mole air in inlet gas. 
Y2 = moles ammonia per mole air in outlet gas. 
Y1* = moles ammonia per mole air in equilibrium with water out- 
I.et at concentration XI moles ammonia per mole water. 
Y2* = moles ammonia per mole air in equilibrium with water 
inlet at concentration X2 moles ammonia per mole water. 
@ = correction factor. 
The value of Y1 is set by experimental control. The value of Y2 is 
obtained from the material balance equation, 
where X2 = zero, Y1 is controlled, and X1 is determined by analysis 
as described above. 
Y2* is the concentration sf the gas stream in equilibrium with 
the inlet water. Therefore Y * = zero. 2 
Y1* is the concentration of the gas stream in equilibrium with 
the outlet water, To determine the value Y * corresponding to a 1 
specific XI and total pressure it is necessary to construct an 
equ i l i b r ium curve of gas  composition ve r sus  l i q u i d  composftion. This  
curve may t ake  i n t o  account t he  temperature v a r i a t i o n  through the  column. 
Using the  da t a  and formula i n  t h e  I n t e r n a t i o n a l  C r i t i c a l  Tables  (27 ,28) ,  
the  a d i a b a t i c  temperature r i s e  was ca l cu la t ed  f o r  each va lue  of X 
between X2 and X l .  The r e s u l t s  a re  shown i n  Tabhe 19. 
Table 19. Temperature a s  a Function of Liqui.d Composition 
Moles Ammonia Temperature Temperature of 
Per Mole Water Rise (OF.) Water (88 '+  T)OF. 
Data of Sherwood (29) g ive  the p a r t i a l  p re s su re s  of ammonia i n  e q u i l i b -  
rium wi th  l i q u i d  a t  va r ious  compositions and temperatures .  By a  simple 
s t r a i g h t  l i n e  i n t e r p o l a t i o n  t h e  p a r t i a l  p re s su re s  s f  ammonia i n  equi-  
l i b r ium wi th  the  l i q u i d  i n  t he  tower may be c a l c u l a t e d .  The r e s u l t s  
are shown i n  Table 20, 
Table 20. P a r t i a l  P re s su re  of Amonia Over Liquid 
a t  C e r t a i n  Compositions and Temperatures 
P a r t i a l  
Pressure  P a r t  i a l  Calculated 
of Ammonia Pressure  P a r t i a l  
f o r  Solu- of Amonia Pressure  of 
t i o n  a t  f o r  Liquid Ammonia f o r  
1 0 4 ~ ~ .  a t  8 6 ' ~ .  Tower 
X Temperature 
Moles Ammonia of So lu t ion  
Per Mole Water (OF.) (m.m.Hg .) (m. m. Hg . ) Solu t ion  
The va lue  Y1* f o r  any po in t  is  obta ined  from the  formula 
P a r t i a l  p re s su re  of ammonia 
YI* = T o t a l  pressure - p a r t i a l  pressure ammonia. 
Therefore ,  an equ i l i b r ium curve of Y" vs .  X may b e  cons t ruc ted  f o r  each 
t o t a l  p re s su re  found i n  t h e  experiments.  A t y p i c a l  c a l c u l a t i o n  of NOG 
then  becomes 
- (0.9295 + 0.9978)[(.07867) 10.0707) 
N~~ - 2 [ (0.0707) - (0.0022)l ln (0.0022) 
= 3.87 o v e r a l l  t r a n s f e r  u n i t s  
Since t h e  t o t a l  he ight  of t h e  packing equa l s  NOG HOG, and the  packing 
height for absorption was 2 .0  f ee t ,  HOG = 2/NOG 
= 0.52 feet. 
The absorption coef f i c i ent  
where K a = Ib .moles/hr. -cu. f t  . - a t m .  
G 
G, = 1b.moles a i r  f low/hr . sq . f t .  
P = tower pressure i n  atmospheres. 
The r e s u l t s  of these calculations are shown i n  Table 2 1 .  
APPENDIX 8 
ABSORPTION RESULTS 
Table  21. Absorp t ion  C o e f f i c i e n t s  f o r  Moebius Rings 
i n  Ai r -Amonia  Water Sys tem 
L i q u i d  A i r  
Flow Flow 
Lb .Moles Lb .Moles 
Water A i r  / 
Per  H r .  H r . /  





Per Hr. Hr. / 
per ~ q . ~ t .  ~ q . ~ t .  Y1 X I  Y2 - Y1 N~~ HOG K ~ a  
Units 
Liquid Flow = Ib,moles water/hr.sq.ft. 
Air Flow 
Y1, Y2, Yl* = moles ammonia/mole air 
= moles ammonia/mole water 
= number of overall transfer units 
= height of overall transfer unit (feet) 
HOmUF DATA 
Table 22. Liquid Holdup for Moebfus Rings 
L h 0 ha, 
Series Y Serfes 2 Serfee 3' 
W 9 D  9 8 89 8 6 88 0,0633 
L = Water Plow; (lbsojhro-sqofr,) 
h, H6Pdup; (ml, water) 
Ho = Operatf ng holdup; (cu, ft 6water/euo f t  towe~pl 
W 4- D = Wet and drained, This gives the static holdup, 
The diameter of the tower was 3,0 inches, The height of packed bed was 
4,O feet for all Pfqufd flows. For the W 9 D determination the packed 
bed was 1,Q feet ,  
APPENDIX 'PO 
COIWARPSON OF HOLDUP DATA 
Figure 37 shows the  eomparison of the  operat ing holdup f o r  one- 
ha l f  fneh B e r P  saddles, Rasehfg r ings ,  and Moebius r ings ,  The data f o r  
saddles and Raschfg r ings  were obtained from Leva (30), The opera t ing 
holdup f o r  moebfus r i n g s  does not show unusual deyfatfgq from gther 
reported data  , 
The general equation, 
f i t s  the  d a t a  w e l l ,  
H, - Operating holdup; (eu,ft,waterfeu,ft,toweP), 
E = Lfqufd rats; (lb~./hr.-sq,ft~)~ 
Dp Equivalent spherf eal packi ng d i  meter; ( f  nehes) , 
a, n = Constants . 
Hs = S t a t f e  holdup; (eu,f t ,water/cu, f t .  tower) 
Table 23 gives the  valuea of the  constants  and the s t a t f e  holdup, 
The s t a t i c  holdup f o r  Rasehig r ings  and Berl saddles was obtained from 
Norman (311, 
Table 23, Static Holdup and Constants for Operating 
Holdup for One-Half Inch Packing 
Pa ckf ng Raeehfg Rings Berl Saddles PfPebius Rings 
1 I '  1 I 
I - I I I I I I I I  I 
-- - Berl Saddles / / I ---- Raschig Rings 
Moebius Rings 
~ i q u i d  Rate f ~ b . / H r . S q . F t . )  
Figure 37.  Holdup Data for One-Half Inch 
Packing 
APPENDIX 11 
THE CARMEN EQUATION 
The p re s su re  drop ac ros s  a non-irr igated packing may be determined 
by means of t he  equat ion  of Carmen (321, It has been shown t h a t  fo r  
s p i r a l s ,  spheres ,  and saddles ,  
whfle  f o r  hollow spheres  and c e r t a i n  r i n g s  t h a t  restrict flow through 
t h e i r  i n t e r n a l  passages,  
where 
Ap = Pres su re  drop; ( ~ b  , - f o r c e f f t  ,2) 0 
Z = Depth s f  bed; ( f e . ) ,  
ge = Conversion eons t an t ;  (32,2 lb,-mass.-ft,/lb.foree.sceO2) 0 
a = Area of p a r t i e l e s / w l , o f  bed; ( f t ,  2/fto3). 
d = Density; ( l b , - ~ s s / c u , f t , ) ,  
m = Viscos i ty ;  (Ib,-mass/ft ,-see,)  
V0 a Superf f c f a l  v e l o c i t y ;  (f t. /see, 9, 
6 = Frae tion of voids.  
Table 24 shms  the calculated pressure drops across non-irrigated 
mebius  rfngs. Frm the eor.ra8intlion of these ealcurhted pressure drops 
wfth those found by experiment, one may aslpume tha t  the fnternml starw- 
tu re  of the moebias r ing  does not hfnder the gas flow when Pfqafd fs 
absent. 
Table 24, Pressure Drops Across Moebius Rings 
Calcula tcd f ran Cawens s Equation 
Afr Flow Pressure Drop 
(Eb,/hr,-sq.ft,) (Pnshes Water/Pt, Pmkfag) 
When the paeking is i r r i ga t ed  wfth water the pressure drop i s  
increased. Fox l iquid r a t e s  up t o  about 6000 Bb,/hr,-sq,ft,, the  e f f ec t  
on the pressure drop appears t o  depend primarily on the  reduction in free 
space ava i lab le  t o  the  gas (331, However, i t  is  extremely d i f f i c u l t  t o  
predict  r e l i a b l e  pressure drop information fo r  varfous flow r a t e s  of gas 
and l iqu id  from eonsiderations of the proportion of the  voids oecupisd by 
the two f l u id s  (341,  Many corrections must be taken i n t o  actount, Two 
of these a r e  the  wall  e f f e c t  and the shape of the packing, Shemood and 
Pigford (35) present an experimentally determined eorreetion fac tor  by 
which the  pressure drop for a dry packing must be muPriplied fn order to 
obta in  the  actual pressure drop f o r  any rate of  f low of water over Raschfg 
r ings  and Berl saddles ,  
Figure 38 compares the se  correc t i on  fac tor s  with that determined 
f o r  moebius rings, 
200 4 6 8 1000 2 4 6 8 10000 
L i q u i d  Flow (Lb./Br.-Sq.Ft.)  
F i g u r e  38. Effect of L i q u i d  Rate on Pressure Drop 
for One-Half Inch Packing  
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